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SECTION. J 


INTRODUCTION 


Background 


Coal is becoming an increasingly important energy source 
in the United States. Of the vast coal deposits present in the 
United States, approximately 54 percent occur west of the Missis- 
Sippi River, and it is presently estimated that the majority of 
these western deposits can only be extracted by underground min- 
ing (a.)°. Many of these underground mineable seams are also fair- 
ly thick (15 feet thick or greater). 


Most methods presently being employed to underground mine 
thick coal seams in the United States have rather low recovery 
ratios, resulting in waste of a valuable resource. Consequently, 
the U.S. Bureau of Mines has sponsored studies of underground 
coal mining methods used in foreign countries to extract thick 
seams. These methods have a higher recovery ratio than the ap- 
proximately 30 percent recovery of the coal which is achieved 
by underground methods presently used for mining thick coal 
seams in the United States. Through these studies, interest has 
been generated in four underground mining methods used in for- 
eign countries. These methods are multislice longwalling, long- 
wall caving, highface lonpwalling, and sublevel caving by pillar 
extraction. All of these methods maximize coal recovery by ex- 
tracting the entire thickness of the coal seam over a large area 
and leaving no support pillars. For the sake of simplicity, 
these methods will be referred to as longwall or total extraction 
in this report. 


The result of this maximized coal extraction would, natur- 
ally, be increased land surface subsidence. However, the ef- 
fects of this subsidence on other aspects of the environment 
was not known. In the water-short western United States, where 
many of the underground mineable thick coal seams are located, 
it is especially important to determine the effects of the sub- 
sidence on the surrounding water resources. 


3Underlined numbers in parentheses refer to items in the List of 


references at the end of this report. 


} Proiect Objective 


This study was initiated to try to estimate the severity 
and duration of any impacts to the ground and surface water hy- 
drology which might be caused by utilization of these high re- 
covery ratio mining techniques on thick coal seams in the west- 
ern United States. This basic objective was accomplished through 

CL) fying coal seams greater than 15 feet thick in 
stern United States that require underground 

Li and underlie significant ground and surface 
ter resources; 
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(2) reviewing any studies in the foreign literature 
which monitored or analyzed the effects of under- 
ground thick seam coal mining on the hydrology; and 

(3) applying what was learned from the foreign case 
histories to estimate the hydrologic impacts from 
underground thick seam coal aay in the westerm 
United States. 


Project Methodology 


This project focused on the western states of Montana, Wy- 
ne, God orado, New Mexico, Idaho, Utah, and Arizona. It was 
igned to de sermine the order of magnitude of the problem, 
ch included discovering whether any previous studies invest- 
igated the problem; analyzing the results of these studies; 
determining if there was a perceived problem and, if so, defin- 
ing the magnitude of the,effects; and finally, making recommen- 
dations for further investigations, if warranted. Information 
needs for the study were met by existing literature and data. 

No new field measurements were taken as part of this project. 
The major work items in this study are discussed below. 


Identification of Thick Coal Seams 


Within the seven westerm states, the available literature 
and data were reviewed to identify coal fields that: 
(1) Have seams greater than 15 feet in thickness; 


(2) require underground mining; and 


(3) underlie significant (i.e. having economic and/or 
ecologic value) ground and/or surface water sources. 
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Information obtained about coal fields meeting these criteria 
included their name and location; location, areal extent, and 


thickness of thick mineable coal seams; geologic, <cpographic, 
and physical characteristics; mining conditions; potential pol- 
lution problems; and significant ground and surface water sources. 


Foreign Case Histories 


The foreign literature was searched for case histories in 
which the effects of subsidence on the surrounding ground and 
surface water resources were studied. It was attempted to obtain 
case histories from the foreign literature which included both 
of the following conditions: 


Beles TOLal extraction .o£L thick coal seams and consequent 
land subsidence; and 


(2) an analysis of the effects on hydrology due to 
the subsidence. 


Throughout the course of this study, no foreign case his- 
tories were found which directly addressed both of these points. 
Consequently, the literature review was expanded to include 
some studies from within the United States and some studies 
which indirectly provided data pertinent to the problem. All 
pertinent information and data were accumulated and assessed 


for use in predicting hydrologic impacts. 


Assessment of Hydrologic Impacts in 
the Western United States 


Using the information gathered on westerm coal seams, ten 
potential thick seam underground coal mining areas in the west- 
ern United States were selected. The areas selected represented 
a variety of hydrologic, geologic, climatic, and geomorphic con- 
ditions. The information gathered during the literature review 
was then used to estimate the impacts from extraction of the 
thick coal seams on the ground and surface water flow, quantity, 
and quality. Legal aspects, in terms of water rights, of the 
anticipated hydrologic impacts were also studied. 


Ty. 
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IDENTIFICATION OF THICK COAL SEAMS 


Purpose 


One of the objectives of this study was to identify those 
1 fields in the western United States which meet the follow- 


(1) Contain seams mineable by total extraction methods 
and which have thicknesses greater than 15 feet; 


(2) contain thick seams which at least in part require 
underground mining; 


Y 


3! 


(3) contain economically or ecologically significant 
ground and/or surface water resources which may be 
disrupted by the subsidence associated with the 
total underground extraction of thick coal seams. 


For this study, the western United States is defined as Montana, 
Wyoming, Colorado, New Mexico and the contiguous states west of 
them, that is,.Idaho,«Utah.,. and Arizona, seter ence ueoL tt en 
coal field, to the extent possible, the following information 
was obtained: 

(1) Name and location; 

(2) location, areal extent, and thickness of mineable 
coal seams greater than 15 feet thick within the 
fields: 

(3) geologic structure, lithology, and topography; 

(4) mining conditions; 


(5) potential toxic and acid-forming materials in the 
seam and overburden; and 


(6) significant ground and surface water resources. 
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Methodology 


: studies, maps, 
“state ania federal agen=" 
uJ nu ications. Some of the more prominent 
sources of information ‘weré U.S. Geological Survey circulars, 
maps, and bulletins. The U.S.G.S. has published a bulletin for 
nearly every coal field in the western United States. Many of 
these, however, are outdated and provide minimal information. 
U.S.. Bureau of Mines publications were also found to be helpful. 
Environmental impact statements and other environmental assess- 
ments required by federal and state regulations were also ex- 
ploited. State agencies have produced many publications which 
delineate coal resources. The most notable of these is the Coal 
Monograph Series compiled by the Utah Geeoet cet and Mineralogi- 
cal Survey (2). This series provided significant information 


ain an organized format and was accompanied aS useful maps, charts 


and tables. Data compiled by coal and mining companies were 
used where possible. Much of this private mining company infor- 


-Mation however, pertains to a very concentrated portion of a 


Particular coal field. In addition, these data from the private 
sector were not readily accessible, and acquisition of this in- 
formation was somewhat limited by the study constraints. 


In some instances, the available data did not permit a 
thorough evaluation of the coal Field. _ For instance, in the 
case of some coal fields, evidence of ick seams was garnered 
from a few widely spaced drill holes. “This made it difficult 
to determine whether seams were uniform enough in thickness and 
of a large enough aerial extent to make them economically feasi- 
Meemnsor Mining. Other factors which might limit mineability 
such as the presence of splits (thin interbedded layers of shale 
or other noncoal material), faulting, and local changes in dip 
were also difficult to assess due to data deficiencies. Thus in 
many instances, the mineability of thick seams became a subjec- 
tive judgement. Generally, if a field showed evidence of a 
thick seam, it was considered mineable unless there was definite 
@aeaeco the contrary. 


Whether or not significant water resources were present in 
or near a field had to be considered in the context of the high 
value placed on any water resources in the arid to semiarid 
western United States. If water resources were measured by 
eastern standards, few western coal fields would have qualified. 
Therefore, unless fields were shown to contain no useable water 
resources, they were not eliminated by this criterion. 
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Results 


The states containing the largest thick coal seam resources 
were Montana and Wyoming. ~While much of the coal in these two 
states is mineable by surface techniques, much of it will also 
have to be exploited by underground methods given present day 
technology and economics. As would be expected, the bulk of 
the information available for Montana and Wyoming fields per- 
tains to that coal which is strippable. 


Colorado and Utah also contain significant thick coal re- 
sources. For these two states, especially Utah, underground 
mining techniques will probably become more important in the 
near future owing to thick overburden and the presence of topo- 
graphic barriers to surface mining. 


New Mexico contains large amounts of coal but few thick 
seams. The San Juan basin contains the bulk of New Mexico coal 
with the few identified thick seams being concentrated in the 
northwestern portion of the state. A projection of outcrop and 
drill-hole data into the deeper portions of the basin indicates 
a good possibility that more thick coal exists which up to now 
has not been identified. 


No fields containing mineable thick seams were identified 
in Idaho or Arizona. The thickest coal beds in Idaho are re- 
ported by Kiilsgaard (3) to occur in a 14-foot seam at the Idaho 
Mine in the Horseshoe Creek District of eastern Idaho. The Black 
Mesa Field in Arizona showed evidence of one or two very lenti- 
cular, localized seams in excess of fifteen feet, but available 
data did not permit including it amoung the thick-seam fields. 


Descriptions of each of the fields found to meet the above 
mentioned criteria are organized by state in Appendix A. 


SECTION III 


FOREIGN LITERATURE SEARCH 


Purpose 


Since underground thick seam coal mining technology has been 
utilized in foreign countries for a number of years, the foreign 
literature was searched to determine if any of this type of min- 
ing's effects on the surrounding water resources has been studi 
it was hoped that if studies of this type could be found, the r 
sults could be used to estimate the effects which might occ i 
Similar areas of the western United States. 


L 
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ur 


Methodology 


The search for foreign literature in the subject area was 
performed utilizing compilations of abstracts, computerized lit- 
erature searches, in-house literature, and libraries of govern- 
ment agencies. An abstract of every promising article was ob- 
tained and, if the abstract proved interesting, a copy of the 
article was obtained and translated into English, if necessary. 


The main noncomputerized abstract compilation which was used 
in the foreign literature search was Coal Abstracts, a publica- 
tion of the International Energy Agency, Technical Information 
Service, located in London, England. Abstracts pertaining to 
the subject area under investigation were studied. Articles 
which were in some way related to the study at hand-were obtained 
and reviewed. Pertinent information was then abstracted from 
them. 


Two computerized literature searches were also utilized: 


(1) The U.S. Department of Energy's RECOKEN, a com- 
puterized literature information file located 
in Oak Ridge, Tennessee; and 


(2) a computerized literature search service pro- 
vided by the Smithsonian Science Information 
Exchange, Inc., Washington, D.C. 


The RECOKEN literature information file was searched using the 
following descriptors: 


(iy thick coal seams, 
(2) underground mining, 
(3) longwall methods, 
(4) subsidence, and 

(5) hydrology. 


The Smithsonian Science Information Exchange search was conduct- 
ed on "Effects of Underground Mining of High Coal on Hydrology 
(Particularly Foreign)''. Data processing requirements necessi- 
tate substituting 4ien canmetor thick coal’: 


Additional information was obtained from a number of other 
sources, most notably, from a number of international symposiums 
on subsidence associated with underground coal mining and other 
activities. 


Results 


Appendix B contains a bibliography of all literature re- 
viewed in connection with this study. Literature which was in 
some way related to this study from a total of 20 foreign coun- 
tries was found and reviewed. These foreign countries are list- 
ed in table l. 


No one, complete case history which contained all the neces- 
Sary ingredients, namely, subsidence from underground thick seam 
coal mining and its effects on hydrology, was found in the for- 
eign literature. The closest which any foreign case histories 
came to meeting all these criteria were some studies in Great 
Britain, which dealt with some hydrologic impacts associated 
with the longwall mining of one to two-meter thick seams. 
Throughout the literature review, the most information was ob- 
tained on ground and surface water flow and quantity. Nothing 
substantive was found on the effects on water quality. 


To supplement the foreign literature, a survey was also 
conducted of the United States literature on the subject. Ad- 
ditional information on the effects of subsidence on hydrology 
was found in the UMSeprceracure: 
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Union of Soviet Socialist Republics (Russia) 
Yugoslavia 


Zambia 
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SECTION IV 


PREDICTION OF HYDROLOGIC IMPACTS 


Subsidence Prediction 


The best source of data from case histories of subsidence 
over longwall-type mines is the Subsidence Engineers' Handbook 
(4) published by the National Coal Board of Britain. The hand- 
book presents a comprehensive method for predicting subsidence 
parameters based on empirical data from 165 case studies in 
British coalfields. The mines range from 80 to 2,730 feet mean 
depth, with seams from 2 to 18 feet thick, seam dips up to 25 
degrees, panel widths from 120 to 1,968 feet, and width-depth 
ratios from 0.05 to 5.92. The conclusions and methodology con- 
tained in the manual are generally applicable to areas outside 
of the British coalfields. Care must be taken however, in ap- 
plying them to areas where mine parameters fall outside of the 
range of data used to derive the manual. Consideration must 
also be given to differences in geologic conditions when using 
the manual to predict subsidence parameters for coal mines in 
strata other than the British Coal Measures. In order to assess 
the importance of these differences, case histories from other 
parts of the world were studied. 


For the purpose of this study, subsidence is defined as 
the vertical movement of surface points within a subsidence 
trough above a-.longwall-mined coal seam. Subsidence is a three 
dimensional phenomenon but consideration of it can be simpli- 
fied by viewing it in two dimensions. The two dimensional geo- 
metry of a subsidence trough is shown in figure 1, which illus- 
trates a typical panel in plan view and in cross section per- 
pendicular to the panel length. The symbols used in figure l 
and elsewhere in this report conform, for the most part, to 
those used by the British National Coal Board. 


Subsidence geometry can be described by a few characteristic 
elements: (1) limit angle, (2) maximum subsidence, and (3) sub- 
sidence profile. The nature of these elements is determined by 
a number of variables. The most important of these variables 
are dealt with in the following discussion. 


Limit Angle 


Angle ¢ in figure 1 is termed the draw or limit angle. It 
ned as the angle of inclination from the vertical of the 
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FIGURE 1. - Typical longwall panel with 
subsidence trough. 
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line corinecting the edge of the workings and the edge of the sub- 
Ssidence area. It therefore defines the lateral extent of subsi- 
dence across the width of the mined panel. The limit angle can 
be positive (if the width of the subsidence trough is wider than 
the mined panel) or regative (if the width of the subsidence 
trough is narrower than the mined panel) but it is usually pos- 
itive as shown. 


Dunrud (5) cites Zwartendyk (6) as describing limit angles 
ranging from 25 to 45 degrees in European coal fields (35 to 45 
degrees in Great Britain and 30 to 45 degrees in the Ruhr region), 
about 35 degrees in northern France, about 30 degrees in the 
U.S.S.R., and from 35 to 45 degrees in the Netherlands. Kumar 
and Singh (7) found limiteangles tojrange from lo to 1/ degrees 
for a longwall mine in the Raniganj coalfield in India. Kapp 
(8) measured a limit angle of 38 degrees for a longwall coal 
Tiine in the Newcastle District of Austrailia. # Dunrid. ©) @invest 
igated the Somerset Mine in western Colorado. He found limit 
angles ranging from less than 15 degrees to about 20 degrees. 
Average limit angles of 15.5 degrees were measured by Gentry 
and Abel (9) for a longwall panel in the York Canyon Mine near 
Raton, New Mexico. 


The range of limit angles found at the above locations re- 
sults from variations in overburden lithology, overburden thick- 
ness, topography, seam dip, and the location of previously mined 
out areas. 


The primary variable is overburden lithology. The relation- 
ship is an inverse one in that the limit angle decreases as the 
strength of the overburden increases. Gentry and Abel (9) found 
that subsidence over panel 4N at the York Canyon Mine exhibited 
limit angles less than those predicted using the Subsidence En- 
gineers' Handbook. They attributed the difference to the pres- 
ence of thick, strong, sandstone beds. The lower limit angle 
values measured by Kumar and Singh (7) in India were also assoc- 
iated with hard sandstone in the overburden. Mohr (10) studied 
the Ruhr coal field of West Germany. Limit angles there were 
smaller in strong rocks having large angles of internal fric- 
tion and increased in weak rocks having small angles of internal 
Er Cerone 


Dunrud (5) found a possible correlation between limit angle 
and overburden thickness at the Somerset Mine. There, the limit 
angle decreased as overburden thickness increased. This find- 
ing was complicated somewhat by varying degrees of rock strength. 


At the York Canyon Mines, Gentry and Abel (9) concluded that 
the limit angles were also affected by variations in topography. 
They tended to decrease under topographic lows or where the top- 
ography sloped away from the center of the trough. 
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Seam dip also has an effect on the limit angle. The limit 
angle decreases on the up-dip side of the subsidence trough and 
increases on the down-dip side. Figure 2 illustrates how seam 
dip is accounted-for in computing limit angles using the Subsi- 
dence Engineers’ Handbook. 


The effects of nearby previously mined-out seams on the sub- 
sidence characteristics of a particular longwall panel can be 
very complex. If a panel is mined below a previously mined pan- 
el and the locations of the ribsides coincide, then the subsi- 
dence effects are cummulative resulting in different limit ang- 
les and larger ground movements than would be expected from a 
single panel. On the other hand, a system of mining termed 
harmonic mining has been devised wherein multiple panels are 
staggered in such a way as to produce a canceling effect among 
the mining induced stresses. This results in different limit 
angles and less subsidence than would be expected from a single 
panel. A wide range of conditions occur between these two ex- 
tremes depending upon mining history, geology, and mine plans 
and methods. 


Maximum Subsidence 


Maximum subsidence (S in figure 1) has been related to the 
width of the panel, w, seam depth, h, and the mined seam thick- 
ness, m, in figure 3 from the Subsidence Engineers’ Handbook. 
The graph uses panel width and overburden depth to predict 
maximum subsidence expressed as a proportion, S/m, of the mined 
seam thickness. Consequently, S = xm where x is a constant of 
proportionality sometimes called the subsidence factor. For a 
given value of m, S becomes a function of x. The optimum com- 
bination of width and depth (normally expressed as the width- 
depth ratio, w/h) will produce the highest achievable value of 
x (.9 for the conditions present in British coalfields) and max- 
imum subsidence, S, will become equal to maximum possible sub- 
Sidence, Sm. For a given depth, the width which causes S to 
equal Sm at one point on the subsidence trough cross section 
is termed the critical width (figure 42). Panel widths for 
which S<Sm are termed subcritical (figure 44). When the panel 
width exceeds the critical value it is termed supercritical 


ane the ree bottom flattens out at Sm (figure 4C). Wardell 
il) notes that for European coal fields as a whole the width 


becomes critical when w/h is between 1.0 and 1.4. 


Since the curves in figure 3 were developed from case his- 
tories of mines in the coal measures of Britain, they are sub- 
ject to the limitations imposed by the range of data available. 
Limiting conditions specified in the Subsidence Engineer's Hand- 
book are: 
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FIGURE 2. - Limit angle versus seam dip (4). 
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(1) Where the working panels extend for a distance of 
about 0.7 times the depth in front of and beyond 
the surface point where subsidence is to be pre- 
dicted; that is, the total length of the panel (L) 
must be about 1.4 h; 


(2) where the working panels have no center gates 
or other zones of special packing apart from 
those at the main and tail gates; and 


(3) where the sides of the panel are not parallel 
(owing to faulting, etc.) the average panel 
width must be developed. 


A further limitation is that the data pertains to a spec- 
ific type of overburden lithology. Orchard (12) states that 
the British Coal Measures are roughly 35% sandstone and 60% 
shales and fireclay. Singh and Singh (13) point out that the 
coal measures of Western Europe have been cracked by old tec- 
tonic stresses, which have caused fractures, slip planes, and 
micro and macro faults thereby reducing their strength. The 
subsidence factor, x, for a given mine geometry can be expected 
to be less in coalfields posessing higher strength overburden 
lithology than that of the British Coal Measures. 


For a colliery in the Raniganj coal field of India, Kumar 
and Singh (7) compared actual maximum subsidence to that pre- 
dicted using the Subsidence Engineers’ Handbook. They found 
the predicted value of x = .48 to be higher than the actual 
value of x = .31. This was in part attributable to stronger 
overburden lithology. 


Subsidence Profile 


Figure 5 is a graph taken from the Subsidence Engineers' 
Handbook which depicts curves corresponding to various propor- 
tions of maximum subsidence (s/S) plotted using the distance (d) 
from the center of the panel as a proportion of depth (d/h) on 
the abscissa and the panel width/depth ratio (w/h) on the ordin- 
ate. Corresponding values of d and s derived from this graph 
are plotted with reference to a horizontal datum line and a 
curve is drawn through them to describe the subsidence profile. 
The point of inflection (figure 1) is defined as that point 
where the convex portion of the subsidence profile curve ends 
and the concave curve begins. The inflection point coincides 
with the point of half maximum subsidence (S/2). The migration 
of the inflection point inwards towards the center of the subsi- 
dence trough with increasing w/h values causes profiles to be of 
different shapes (4). As the curves in figure 5 show, when w/h 
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is small, the inflection point (defined by the 0.5 S curve) is 
well outside the panel ribside and profile curvature is small 

in comparison to higher values of w/h where the inflection point 
is inside the ribside. Once w/h reaches the critical value 
(critical width), profile curvature remains constant with in- 
creasing w.. 


Once again, the curves in figure 5 were derived using data 
from the British Coal Measures and so are most appropriate for 
that particular type of overburden lithology. Kumar and Singh 
(7) compared observed subsidence profiles over coal mines in 
India to profiles predicted using the Subsidence Engineers' 
Handbook. The overburden above the Indian mines was character- 
ized by high strength massive sandstone layers. They found gen- 
erally that the observed profiles had less curvature than the 
predicted. As a result, they developed a series of equations 
for the purpose of predicting subsidence parameters under Indian 
conditions. For the prediction of a subsidence profile Kumar 
and Singh use the following equation: 


a2] ° 
s = Sm lj- Dr (1) 
where s = subsidence, 
Sm = maximum subsidence, 
d = distance of surface point from the center 
of the panel, 
and D = distance of the point of zero subsidence 


from the center of the panel. 


Gentry and Abel (9) noted significant topographic effects 
on subsidence profiles at the York Canyon Mine in New Mexico. 
The rugged, mountainous topography there differs markedly from 
the flat or gently rolling terrain associated with the British 
Coal Measures. In comparing predicted subsidence values using 
the Subsidence Engineers’ Handbook to observed values, they con- 
clude: "Predicted subsidence over ridge tops was 17 percent 
to 21 percent greater than actually measured. Predicted subsi- 
dence in topographic lows was approximately 55 percent greater 
than that measured". 


Summary of Subsidence Prediction 


The tables, graphs, and diagrams found in the Subsidence 
Engineers’ Handbook constitute one of the most commonly used 
methods for the prediction of subsidence. The handbook is used 
to predict subsidence in this study. Care is taken however, not 
to strictly apply subsidence prediction techniques outside of 
the range of data used to derive them. The data used in the 
Subsidence Engineers’ Handbook came from studies of mines in the 
coal fields of Great Britain. Overburden strengths of the Bri- 
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tish Coal Measures can generally be considered to be relatively 
low due to previous fracturing, the lack of massive sandstones, 
and the presence of large amounts of weaker, argillaceous rocks. 
Use of the Subsidence Engineers’ Handbook can therefore be con- 
sidered to be a conservative approach in that subsidence predic- 
tions for a given mining geometry will be maximized by basing 
them on empirical data from areas of weak overburden lithology. 
The strata in many western coal fields contain massive sandstone 
layers which results in overburden strengths exceeding those of 
the British Coal Measures. Therefore, the equation developed by 
Kumar and Singh (7) as well as the findings of other researchers 
are used in conjunction with the Subsidence Engineers’ Handbook 
to provide a range of possible subsidence. Due consideration is 
also given to differing topography or other site specific charac- 
teristics not covered by the British data. 


cubsidence in the hypothetical longwall mines in this study 
is predicted first for the start) of mining, which isthe sinitvam 
longwall panel at each site, and then for the completion of min- 
ing, which is several adjacent panels whose combined dimensions 
total one square mile. The initial panel is in virgin coal and 
the subsidence profile over the central portion of the panel is 
assumed representative of the whole length of the panel, with the 
exception of the panel ends. For the plurality of panels the 
assumption is that no support pillars are left between panels and 
maximum subsidence occurs across the square mile mined because 
the critical width of extraction (figure 4c) is exceeded. The 
extraction distance both across and along the panels is one mile. 


Surface Water Impacts 


Impacts on surface water flow result from subsidence-in- 
duced changes in the configuration of the ground surface. 
Changes to the ground surface configuration can, in turn, lead to 
alterations in surface water quality by increasing or decreasing 
rates of erosion and/or deposition. 


Impacts on Surface Water Flow 


Surface water flow characteristics are impacted by subsi- 
dence in three primary ways: (1) vertical settlement of the sur- 
face, (2) local changes in surface slope, and (3) the opening of 
surface fissures in areas of high tensile strain. Amounts of 
vertical subsidence and changes in surface slope can be calcul- 
ated from the subsidence profile. Amount and distribution of 
strain is a function of panel width, overburden depth, extracted 
seam thickness, premining surface gradient, and seam dip. 
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Vertical Settlement 


The amount and areal extent of vertical settlement is given 
by a plot of the subsidence trough in both plan view and cross 
section. The surface area which will be affected by subsidence 
is a function of the panel dimensions and the limit angle. The 
amount of vertical settlement at a particular point across the 
width of the trough can be read directly from a plot of the sub- 
sidence profile derived using the methodology previously des- 
cribed. 


The primary hazard associated with vertical settlement is 
an increased potential for flooding to occur. Subsidence of land 
adjacent to surface water bodies such as rivers, lakes, or the 
ocean can eliminate topographic barriers to flow and cause the 
subsided surface to be inundated. Such a situation is reported 
for the Houston-Galveston area of Texas (14). Subsidence there 
has resulted from the extraction of groundwater rather than coal, 
but it has been shown by Kapp (8) and others that the character- 
istics of subsidence resulting from fluid extraction are similar 
to those generated by coal extraction. In the Houston-Galveston 
region, streams have been affected by subsidence to the point 
where, "'At their lower reaches, former river channels such as the 
San Jacinto River are now baylands" (14). 


Coleman (15) describes the growth of a subsidence lake along 
the floodplain of the River Stour, near Canterbury, England. The 
subsidence was the result of the mining ofal.2 to 1.5-meter thick 
coal seam. Subsidence was normally no more than 60 centimeters. 
Flooding began in 1933 and through 1952 the flooded and water- 
logged areas expanded to include an area of about 1% by 3% kilo- 
meters. 


Surface accumulations of water may also occur due to subsi- 
dence in areas of shallow groundwater. Wohlrab (16) states that, 
",,.Ssubsidence can effect a reduction of groundwater level in 
reference to ground elevation, or even a cropping-out of the 
groundwater on the surface.'' Such a situation is depicted in 
figure 6. Sovinc (17) describes accumulations of groundwater in 
subsidence troughs over longwall panels of the Valenje Mine in 
Yugoslavia. One of the largest resulting lakes is over 40 meters 
deep. 


Vertical settlement can also have a negative effect on any 
hydraulic system, natural or man-made, which depends upon eleva- 
tion differences and gravity flow. Irrigated fields, canals, 
sewers or natural streams which traverse subsidence troughs are 
disrupted by sudden changes in surface elevation. 
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Surface Slope Changes 


The amount of curvature in the subsidence profile determines 
the slope to be anticipated over a certain portion of it. The 
slope is calculated by dividing the difference in subsidence at 
two points on the profile by the horizontal distance between them. 
If two points A and B are located on a sloping portion of the 
subsidence profile, a is the amount of subsidence at A, b is the 
amount of subsidence at B, and AB is the horizontal distance be- 
tween them, then, 


Slopean = boa : (2) 


On average, for the data in the Subsidence Engineers’ Handbook, 
the following relationship is found to be the case: 


Gees peed5 Soy/h (3) 


where G is the maximum slope. Maximum slope occurs at the in- 
flection points along the subsidence profile. 


Subsidence may result in either an increase or decrease in 
the local ground surface slope, depending upon the original topo- 
graphy. The gradient of any stream channels traversing the af- 
fected area will also be changed. Channel slope has been related 
to channel geometry and behavior by a number of investigators. 
Leopold and Wolman (18) found a relation between channel slope, 
bankfull discharge, and channel pattern (figure 7) which indi- 
cated that for a given bankfull discharge, channel pattern 
changes from meandering to braided when a threshhold slope is 
exceeded. Friedkin (19), Lane (20), and Ackers and Charlton (21) 
report similar findings. 


A change in slope can also result in a change in the stream's 
ability to erode and transport sediment. Simons, et al. (22) 
established a proportionality between bed material transport (Qs), 
slope (S), water discharge (Q), and median fall diameter (D5Q) 
where, 


Deisye Osi iDsin- (4) 


This relation is essentially the same as that proposed by Lane 
(20). It indicates that an increase or decrease or one variable 
in the equation must be balanced by an increase or decrease in 
another. 


Assuming the water discharge and median fall diameter of a 


typical stream remain constant, then an increase in slope must 
be compensated for by an increase in bed material transport so 
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that, Q St~Qst D590. The increased bed material is produced by 
erosion of the stream channel bed and banks upstream from the 
slope change. 


Given similar conditions and a decrease in slope, it can be 
seen that bed material transport must also decrease so that, 
S~~%s~ D59. In this case deposition will occur accompanied 
by a possible change in channel morphology and increased flood- 
ing hazard. 


Schumm (23), in a study of ephemeral stream channels in the 
western United States, found that the processes of erosion were 
strongly influenced by the nature of the sediments being moved 
through and deposited in the channel. When sediments contained 
a large percentage of finer-grained material, silt and clay, 
erosion took the form of a vertical incision producing a deep, 
Marrow trench. In more sandy material, erosion of the channel 
banks was dominant, producing a channel widening effect. Depos- 
itional processes were also dependent upon the nature of the 
stream transported material. Generally, fine-grained silts and 
clays tended to adhere to channel banks causing a narrowing of 
the channel and forming concave stratification. In channels 
where sand sized particles were predominant, deposition was es- 
sentially horizontal across the channel floor creating horizon- 
tal stratification. These sediment dependent modes of stream 
behavior in part determine the nature of changes in channel mor- 
phology over subsided areas and affect the flood susceptibility 
of the channel during high flows. 


Subsidence due to the extraction of ground water in the San- 
ta Clara Valley, California, has given rise to flooding problems 
associated with changes in stream gradients. Roll (24) describes 
a flattening of the slope of two major streams, the Guadalupe 
River and Coyote Creek, and several smaller streams. The result- 
ing loss of sediment transport capacity has in some cases result- 
ed in six-foot deep deposition in a channel that was originally 
8 to 10 feet deep, thereby impeding the flow of water and in- 
creasing the threat of flooding. 


Subsidence accruing primarily from water and oil extraction 
has occured in the San Joaquin Valley, California. There, large 
areas of the valley floor have subsided and the increased stream 
gradients allow an increase in flow velocity. '‘''The steeper gra- 
dients in the streams generally allow more water to be carried, 
decreasing the potential for flooding along stream beds leading 
into the valley. However, many of the stream beds enter the 
floor of the valley in curvilinear courses with many oxbow bends. 
Where the course bends back towards the mountains, the gradient 
decreases due to subsidence. This increases the probability that 


oo 


a rush of water from the mountains may have to leave the banks 
of the streambed, causing a flood" (14). 


The ability cf the subsidence process to open cracks or 
ures at the ground surface is well documented. Fissures are 


ificant for surface water hydrology because they represent 
wavs through which surface water can be diverted underground. 


ay FS) ip. 


The subsidence in the Las Vegas Valley of Nevada is primari- 
ly a response to the withdrawal of large quantities of groundwe- 
ter (14). "Ground surface ruptures “in the form cf cracks and 
fissures have occured in Las Vegas Valley as a result of tensi 
stresses associated with differential subsidence. These fi 
begin as small cracks less than an inch wide, but may be wi 
to several feet across as a result of erosion.” 


the central part of Arizona have also experi- 

owing to groundwater extraction (14). The most 
feature is fissuring which originates as ten- 
the edge of a subsidence bowl. Schumann and Po- 
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land (25) describe these fissure zones: ''The fissures roughly 
parallel the surface contours and transect natural drainage 
patterns. Upon application of irrigation water or following 


high-intensity rainstorms, the fissures intercept overland flow 
and act as drains. The water moves downward into the fissures 
causing them to increase rapidly in width - as much as several 
Feet in places. The fissures widen partly by slumping but main- 
ly by erosion of the sides. Gullying often occurs on the up- 
stream side of the fissure. The fissures tend to connect and to 
form fissure systems that are as much as 8 miles long”. 

Nishida and Goto (26) report on a number of small irrigation 
ponds in the Kyushu coal fields of Japan which have been damaged 
by subsidence over mined coal seams. Of those described, twelve 
have experienced partial or complete loss of water through leak- 
age into open surface fissures which appeared in areas of tensile 
strain. Among their conclusions were that a thick clay layer in 
the pond bottom prevents leakage and if there is a pre-existing 
fault near the surface, there is a greater possibility of a crack 
appearing than there would be in an undisturbed area. They also 
Found that if the magnitude of calculated tensile strain at the 
bottom of a pond is larger than 2 millimeters per meter (mm/m) 

a year, cracks may appear and cause leakage or complete drainage 
from the pond. 


Dunrud (5) describes the hydrologic significance of fissures 
opened over the Oliver No. 2 coal mine located south of the North 
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Fork Gunnison River in western Colorado. Field evidence indi- 
cates that subsidence fractures formed in the strata over the 
mine and migrated to the surface where they intercepted water 
flowing from springs above the mined-out area. The presence of 
large, dry beaver ponds, with dams as much as 6 feet high indi- 
cate that a perennial water supply was once available from near- 
by springs which have been dry or flowed intermittently since 
mining operations took place. 


Orchard crZ) has compiled and investigated a number of doc- 
umented examples of fissures opened in a single well-observed 
coal field (Nottinghamshire) in Great Britain. These are des- 
cribed in table 2. Orchard points out that there are examples 
of coal fields where pre-existing fractures or joints have been 
opened up by ground movement and have served to drain away sur- 
face storm water. One such example is the large fissures found 
at the West Cannock Colliery in Great Britain. These were up 
to 4 feet wide and disproportionate to the associated tensile 
Strains, indicating they had been further widened by the erosive 
effects of surface water. Orchard notes having seen fissures in 
Strata of widely differing strength, including marl, pebble beds, 
and even sand. He concludes that relative rock strength may 
therefore be of limited importance and little correlati 
been found between rock strength and liability to fissu 
further notes that fractures are often found to be of lim ea 
depth (say 50 feet) perhaps due to mining-induced compressive 
stresses located deeper in the overburden. In addition, he also 
found that the shallow depth of some fissures may limit their ca- 
pacity to siphon surface water. 


As a result of observations similar to those outlined above, 
the National Coal Board of Britain has adopted minimum standards 
for preventing the inrush of sea water through fissures associa- 
ted with coal mining under the sea. Orchard (12) states that 
consideration was first given to a 5 mm/m strain limit to avoid 
Fissuring. Later a change was made in view of the fact that the 
British Coal Measures contain a certain proportion of impermeable 
strata which would prevent the migration of seawater below the 
limits of the surface fractures. The new standards were accord- 
ingly set at 10 mm/m with a minimum overburden thickness of 350 
feet for longwall extraction, of which at least 200 feet must be 
carboniferous (Coal Measure) strata. 


Strain Prediction 


Since fissures occur as a result of strain induced by subsi- 
dence into a mined void, it is important to be able to predict 
the strains which will be associated with a particular mine site. 
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The movements of points on the surface above a mined panel 
not only have a vertical component (subsidence) but also a hori- 
zontal component called displacement. Horizontal displacements 
increase from zero at the outer limits of the trough profile to 
a maximum at the point of maximum slope, and decrease to zero at 
the trough center. Horizontal and vertical movement at each 
point on the surface combine as strains across the width of the 
trough. Figure 8 illustrates how a strain curve can be drawn 
to indicate the unit strain (change in length expressedas unit 
change per unit length) occuring at different points on the sur- 
face. Stretching or extension is indicated by the portion of the 
curve drawn above the horizontal datum (plus sign) and shortening 
or compression is indicated by the portion of the curve below the 
datum (minus sign). The transition from tension to compression 
normally occurs at or near the inflection point where subsidence 
is equal to half of its maximum value. 


The magnitude of strain at any given point across the width 
of the trough can be viewed as a function of the amount of curva- 
ture in the subsidence profile. The sharper the curvature, the 
larger the strain. Profile curvature is sharpest for thick seams 
mined at shallow depths. There are two reasons for this: (1) 
thicker seams increase total subsidence and therefore increase 
the vertical distance between the points of zero and maximum sub- 
sidence, and (2) shallow depths result in narrower trough widths 
(for a given limit angle and panel width) and therefore decrease 
the horizontal distance between points of zero and maximum subsi- 
dence. Profile curvature must be sharper in order to traverse a 
larger vertical distance over a smaller horizontal distance. 
Given these relationships, it is apparent that strain (e) is dir- 
ectly proportional to maximum subsidence (S) and inversely pro- 
portional to seam depth (h) so that, 


e~§/h. (5) 


Since surface fissures occur in the zone of tensile strain 
and particularly where maximum tension exists, it is necessary 
to be able to predict the nature and location of the tensional 
strains associated with a given mine configuration in order to 
assess the likelyhood of surface fissures occuring. Figure 9, 
taken from the Subsidence Engineers’ Handbook, is a plot of the 
width-depth ratio of the panel against the distance (d) from the 
center of the panel (perpendicular to the panel centerline) in 
terms of depth (d/h) and gives the amount of strain, e, as a 
proportion of maximum strain, E (+E for tensile strain) where 


+e = b(+E) (6) 
and b is a proportionality constant. By determining values of 
+e for each point, d, across the width of the trough, a tensile 


strain profile may be plotted above the previously plotted subsi- 
dence profile. Values for +E can be computed using figure 10 
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from the-Subsidence Engineers' Handbook (4). For known values 
of w/h, the appropriate multiplier is read off using the curve 
labeled “extension. The multiplier times S/h (see equation 5) 
is equal to tE. 


Strain has also been found to vary with the slope of the 
ground surface and the dip of the seam. The Subsidence Engin- 
eers' Handbook contains methodologies which allow these effects 
to be accounted-for. 


The use of the Subsidence Engineers’ Handbook for strain pre- 
diction requires once again that the limitations of the empirical 
data used to derive its methodology be considered. These limit- 
ations are the same as described under Subsidence Prediction. 


An example is given by Gentry and Abel (9) in reporting on 
subsidence over the York Canyon Mine near Raton, New Mexico. 
Limit angles there were lower than those predicted by the Subsi- 
dence Engineers’ Handbook primarily because of higher strength 
overburden. As a result, "the location of maximum horizontal 
tensile strain is shifted inside the panel boundary instead of 
occuring above the ribside"”, and, "the sharper curvature of the 
subsidence profile increases the magnitude of both the maximum 
horizontal tensile and compressive ground strains". These ef- 
fects however, should also be considered in light of the smaller 
amount of maximum subsidence found there than was predicted by 
the handbook. While smaller limit angles cause profile curvature 
to increase for a given amount of subsidence, a decrease in max- 
imum subsidence causes a decrease in curvature and therefore the 
actual curvature may be closer to that predicted by the handbook 
than would be expected if only the smaller limit angles were con- 
sidered. 


Summary of Impacts on Surface Water Flow 


Quantitative estimates of changes in the ground surface con- 
figuration above a mined panel are possible using the methodology 
contained in the Subsidence Engineers' Handbook. The handbook is 
used in this study to compute Sp (or S if the panel width is sub- 
critical) and to plot the subsidence profile. The amount of ver- 
tical settlement at various points across the width of the panel 
can then be measured from the profile. 


The lateral extent of vertical settlement is shown by the 
points of interception of the ground surface by the lines defin- 
ing the limit angles. Equation 3 is used to compute the maximum 
change in slope when panel width is critical or supercritical. 
For subcritical panels, S is substituted for Sm. Slope change 
is considered with reference to the local topography in order to 
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assess whether it results in an overall increase or decrease in 
surface slope. If changes in slope along different segments of 
the profile are required, they can be computed using equation 2. 


For investigating changes in surface streams, figure 7 is 
derived from empirical data but is limited by the range of data 
and therefore cannot be used for quantitative predictions. It 
can be used in a qualitative manner to indicate the type of pos- 
sible change in channel pattern which might be expected from a 
particular slope alteration. Development of similar curves for 
particular areas of interest would allow quantitative estimates to 
be made of threshold values for particular discharges. Such 
curves, however, are outside the scope of this report. Likewise 
Simons,et al's. (22) equation 4 and similar relationships could 
be used for quantitative estimates if coefficients were derived 
which made their use appropriate to particular areas of interest. 
As it stands, equation 4 provides a qualitative sense of what 
changes in stream processes can be expected to result from an 
increase or decrease in one of the variables (most particularly 
for this study, what changes in sediment production can be ex- 
pected from an alteration to channel slope if discharge and med- 
ian fall diameter are held constant). 


Changes in channel morphology are also a function of the 
mature of the sediment being transported. Streams carrying fine- 
grained material such as silts and clays tend to erode vertically 
and to narrow when depostion occurs. Channels carrying sand 
sized material tend to erode their banks horizontally and create 
wide horizontal stratification when depositional processes are 
predominent. The types of sediments available for transport will 
therefore in part determine the alterations to channel morphology 
associated with subsidence-induced changes in channel slope. 


Amounts of surface tensile strain can be computed using the 
methodology from the Subsidence Engineers’ Handbook, as described. 
Tensile strains are plotted above the subsidence profile so that 
amounts and corresponding locations can be visualized. The lit- 
erature indicates that tensional strains above 2 mm/m have the 
potential to create fissures. Strains in the area of 10 to ll 
mm/m or higher almost certainly will result in fissuring. The 
5 mm/m limit first proposed by the National Coal Board of Britain 
is perhaps a good conservative minimum value for assessing at 
what point significant hydrologic impacts can be expected. Depth 
of overburden and other local conditions are also important con- 
siderations. 


Use of the Subsidence Engineers’ Handbook is a conservative 
approach because the data comes from areas of weak strata, thus 
giving rise to maximum subsidence. Surface water impacts based 
on the predicted subsidence parameters can therefore be consid- 
ered to be the worst case in most instances. When appropriate, 
it is noted whether or not the geologic and topographic charac- 
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teristics of a particular site might cause the actual subsidence 
parameters to deviate strongly from those predicted by the hand- 
book. 


Several case histories have been cited concerning the nature 
of surface water hydrology impacts associated with subsidence 
caused by withdrawing oil and water from underground. Because 
these case histories pertain to extensive surface areas that have 
subsided, they have application to the wide subsidence trough or 
basin formed over a plurality of adjacent longwall panels, but 
do not apply to the narrow subsidence trough over a single long- 
wall panel. A stream channel crossing a narrow trough may be 
disrupted by fissuring, settlement, and changes in slope over a 
short distance, which combined can cause complex interactions 
that trigger erosion or deposition, but which later may be dam- 
pened by the trough filling with water. Such changes may occur 
progressively along the stream channel as subsequent longwall 
panels are mined until a wide trough forms and mining ceases. 

The stream conditions across the wide trough may be similar to 
those across large subsided areas caused by withdrawing oil or 
water from underground. 


Finally, the effects of subsidence on surface hydrology are 
toalarge extent site specific. There are so many factors which 
are unique to each particular site that with the range of data 
presently available it is not possible to use the results of one 
case study to formulate a quantitative methodology which can then 
generally be applied to other sites. Each site must be interpre- 
ted in the context of its own unique set of environmental para- 
meters. Surface water impact prediction is therefore limited by 
the range of data available and the scope of this study to qual- 
itative rather than quantitative assessments. 


Impacts on Surface Water Quality 


Changes in surface water quality associated with subsidence 
over a mined longwall panel are induced primarily through three 
processes: (1) alterations to the quality of the groundwater 
which, later, through seepage, contributes to the base flow of 
surface streams, (2) changes in stream channel slope which lead 
to changes in the stream's sediment load and, (3) changes in 
the configuration of the land surface drained by a stream channel 
which result in increased or decreased overland sediment produc- 
Elon: 


Alterations to groundwater quality are discussed under 
Groundwater Impacts. The relationship of channel slope to sedi- 
ment load was discussed previously in this section. Change in 
surface configuration owing to subsidence and its relationship 
to increased sediment production is generally recognized in the 
literature but no case history studies were found which focused 
on this problem. 
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McKee and Wolf (27) as referenced by Hill (28) list a nun- 
ber of effects which increased sediment load has on the environ- 
ment. Sediment reduces light penetration and alters water temp- 
Seecure, Witch in turn affects aquatic flora and fauna. . Fish 
are additionally affected by the smothering of food organisms in 
sediment, destruction of spawning grounds, and the filling of 
pools. Deposition of excess sediment increases the hazard of 
Flooding by reducing a channel's carrying capacity. 


The tendency for a section of land to produce sediment 
through erosion is described by the Universal Soil Loss Equation. 
Utilization of this equation is discussed in a handbook written 
by Wischmeier and Smith (29) and published by the U.S. Depart- 
ment of Agriculture. 


The Universal Soil Loss Equation consists of one dependent 
and six independent variables: 


A = RKLSCP, (7) 


where, is the soil loss in tons/acre, 


A 
mole the. raintall factor, 

Reis tne sol. erodipility factor, 

L is the length of slope factor, 

S is the steepness of slope factor, 

C is the cropping and management factor, 
and P is the erosion control Dracticesractor. 


The formation of a subsidence trough on the land surface 
affects the slope factors, L and S.° Subsidence may increase or 
decrease the slope length (L) depending upon the pre-existing 
topography. Slopes may also be created which weren't there be- 
fore and pre-existing slopes may be partially leveled, changed 
in direction, or eliminated. Erosion and transportation of sed- 
iment are directly proportional to slope length because increased 
Slope length results in increased runoff volume and velocity. 
Changes in the surface configuration induced by subsidence may 
therefore alter sediment production, stream sediment load, and 
consequently surface water quality. 


Increases in the steepness of slope (S) result in increases 
in flow velocity and in the capacity for erosion by water running 
off the land surface and ultimately into the stream channel. 
Changes in the steepness of slope owing to mining subsidence are 
also in part dependent upon pre-existing topography. 


The ultimate effects of changes in the slope factors owing 
to subsidence are of course dependent upon the values for the 
other factors in the Universal Soil Loss Equation. For instance, 
the drastically different climates in the eastern and western 
parts of the United States give large differences in the rainfall 
factor, R, and the cropping factor, C (Cin terms of vegetation 
density), from one region to the other. The relatively small 
changes in slope associated with subsidence may have much less 
effect in the Appalachians due to a high vegetation density than 
they would in the west where the soil has much less protective 
vegetation cover. Equation 7 can be used to make quantitative 
predictions on soil loss and therefore stream sediment load when 
all of the independent variables are known. Since a determina- 
tion of these variables is not possible within the scope of this 
study, equation 7 is limited to qualitative estimates of changes 
in sediment load owing to subsidence-induced changes in one or 
both of the slope factors. 


Summary of Impacts on Surface Water Ouality 


Surface water quality can be altered by subsidence through 
changes in the quality of groundwater base flow and through in- 
creased or decreased sediment production from overland and stream 
channel flow. A search of the literature provided no systematic 
studies of changes to surface water accruing from subsidence over 
totally extracted thick coal seams. Therefore, no quantitative 
methodology for prediction of surface water quality changes was 
formulated. 


The Universal Soil Loss Equation can be used to qualitative- 
ly assess the direction of change in stream sediment load to be 
expected from changes in its slope factors owing to subsidence. 
Quantitative estimates however, will require an acquisition of 
data pertinent to western coal seams which is beyond the scope 
of this study. 


Groundwater Impacts 


The strains imposed by the movement of overlying strata in- 
to the void created by mining a longwall panel can affect the hy- 
drogeologic environment through the inducement of caving, frac- 
turing and fissuring. These breaks and fractures create a sec- 
ondary or fracture permeability. Rocks which had a low primary 
permeability (the permeability of the original interstices cre- 
ated when the rock was formed) and therefore served as barriers 
to groundwater flow may, as a result of fracturing, become con- 
duits for groundwater migration. In this way, water-bearing for- 
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mations which were previously segregated from one another may be 
hydraulically connected and the groundwater flow regime signifi- 
cantly altered. 


Orchard (12) cites the example of an inrush of water at 
14,500 gal/min at the Coppice Pit in Great Britain. A marl bed 
in the roof of the mine fractured due to undermining of a coal 
seam and overlying water-bearing sandstones and conglomerates 
which had been separated from the coal seam by the impervious 
marl were allowed to drain into the mine. 


Alterations to the properties of the groundwater media can, 
in turn, induce changes in the quality of the groundwater itself. 
Water is allowed to come in contact and react with minerals ex- 
posed by the mining process and the resulting strata disruption. 
Waters of different aquifers which were formerly isolated by im- 
permeable strata are allowed to mix and alter in quality towards 
some average value. 


Impacts on Groundwater Flow 


The initial step in analyzing the impacts of subsidence on 
hydrogeology requires a number of approximations to be made con- 
cerning the nature of fracturing or caving above a mined panel. 
The first involves an estimate of the height above the mine roof 
that the fracturing will occur. This knowledge, combined with a 
knowledge of the water-bearing characteristics of the overburden 
Stratigraphy enables a determination to be made as to whether 
an overlying aquifer will be intercepted by the fractured zone. 


Second, the nature (that is, intensity, orientation, etc.) 
of the caving or fracturing at progressive heights above the pan- 
el needs to be understood in order to make a qualitative assess- 
ment of the anticipated changes in hydrogeology. 


Finally, a quantitative estimate of anticipated increases 
in permeability is desired in order to be better able to predict 
the magnitude of the groundwater impacts. 


Height and Nature of Roof Caving and Fracturing 


Disruption and fracturing of the overburden owing to caving 
into a mined panel void occurs primarily in the near roof above 
the panel where flexure of the strata is greatest. Thomas (30) 
states that, "The caving height depends on the ease of fragmen- 
tation of the roof beds, but can be about three to eight times 
the seam height extracted."' Wilson (31) points out that the bro- 
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ken roof material should occupy about 1.5 times the volume of the 
unbroken roof material (that is, a swell factor or ratio of in 
situ roof material density to fragmented roof material density, 
g,sof 1.5). Therefore, if the ‘roof icaves:efiicientlyyc by the 
time caving reaches 3 or 4 times the height of the extracted 
seam, there will be enough broken material to fill the mined 
void and the caving will stop. Above this caved zone he des- 
cribes a zone where the roof will be jointed and cracked but in- 
dividual pieces of material will maintain their spacial orienta- 
tion with the material around them. Ropski and Lama (32) state 
that the height of primary caving (where roof material is frac- 
tured into small pieces and reoriented) is usually taken to be 
about 5 times the thickness of the extracted seam, and a zone 
which additionally includes that material which is highly frac- 
tured but maintains some degree of orientation is usually taken 
to be 8 to 10 times the extracted seam thickness. Kenney (33) 
describes the height of the caving zone as being to a large ex- 
tent dependent on the ratio of the in situ roof material density 
to its bulk density when fragmented. He states that, "The active 
caving is limited in vertical extent by virtue of the decrease 
in density of the roof material on fragmentation. Broken rock 
occupies a volume about 1% times that of solid rock so that, if 
W is the height of extraction of the face, a thickness of roof 
of 2W will provide sufficient material to fill the space." 
Kenney also suggests that the height of caving can exceed the 
limit imposed by the caved material density if the angle of the 
debris pile accumulating behind the mined face becomes equal to 
the angle of repose of the fragmented material. Material can 
then roll from the top of the pile and be effectively flushed 
into the as yet uncaved area just behind the roof supports. Fur- 
ther caving is then required to fill the void. Wardell (11) 
notes that, ''The height of actual collapse is limited by the 
height of the void and by the change in volume of the collapsed 
material. The height of collapse is rarely more than ten times 
the height of the void or cavity.” 


The two most comprehensive case histories dealing with the 
height of caving found in the foreign literature review came from 
the Velenje lignite mine in Yugoslavia and from the Lenin Colli- 
ery in the Upper Silesian coalfield in Poland. 


Information on various investigations conducted at the Vel- 
enje Mine is reported by Sovinc (17). At the Velenje Mine lig- 
nite seams of great thickness (50 to 80 meters thick) are being 
mined underground at a depth of 140 to 450 meters. The seams 
are mined by the longwall caving method in benches 7.5 to 1l 
meters high. Several faces are over 50 meters long. Since the 
groundwater level is near the surface, the surface depression 
formed by subsidence over the mined panel accumulates water. 

One of the largest lakes is over 40 meters deep now, and with 
planned future works will become still deeper. 
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The Velenje region is divided into the eastern and western 

fields by a safety pillar. The overburden of the western field 
is between 300 and 450 meters thick. Sandy clays and clays with 
sand or gravel intercalations prevail in it. The proportion of 
pure clay and sand is different in various places. The imperm- 
eable strata to permeable strata ratio is between 0.2 and 2.3. 
In the hanging wall immediately over the lignite seam there is a 
semihard to hard clay and marly clay from 10 to 300 meters thick. 
Artesian water has been registered in the sand and gravel strata. 
The marly clay strata display low permeability. 


The investigations reported in Sovinc's paper were made to 
find out whether there was a danger of lake water breaking into 
the mine and to determine the thickness of isolating clay layers 
over the faces of the western field necessary to protect them 
not only against direct inrushes of water from the permeable 
strata above the lignite through the caved and fractured over- 
burden, but also against flooding of the gob (caved material) 
through thin fissures at the surface. The problems arising in 
connection with working under such conditions are primarily as- 
sociated with determination of the height of caving. 


Hydrological investigations conducted at the Velenje Mine 
in 1942 indicated that the clay strata above the coal seam were 
practically impermeable. A report prepared by a consultant 
stated that there was no danger of surface water entering the 
mine. Caving of the overburden would occur only up to a height 
determined by the equation: 

m 

C Peel (8) 
From this formula, with a swell factor of g = 1.3 and a working 
lift of m = 8 meters, a caving height,C, of 27 meters or about 
3.4m, was calculated. To allow for a sufficient safety margin, 
it was further stipulated by the consultant that: (1) the thick- 
ness of the immediate clay strata in the overburden must be 50 
meters and, (2) the mining limits of two benches must not over- 
lap in the ground plan, and they must be well apart for a triple 
working lift. 


Later, in 1958, the safety of mining under water accumula- 
tions at the surface was investigated by other consultants. 
They recommended a number of investigations before any mining 
operations could be initiated: (1) rock testing to assess the 
shear strength and compressibility of the clay layer, (2) stress 
and deformation measurements for analyzing the caving process 
and consolidation, and (3) measurements of the swell factor of 
the caved clay. 


In 1964, principally on the basis of practical experience 
in the mine, the minimum thickness of the isolating clay layer 
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between the face and a water-bearing seam for which dewatering 
was not necessary was fixed at 45 meters or 6m for a working 
Litty t, e0./ st Mecers. 


Subsequent to the establishment of these provisional cri- 
teria, especially in 1968 and 1969, extensive investigations 
were carried out in the mine. These investigations included 
the measurement of roof arch heights as reported by Hrastnik 
(34). Figure 11 shows how the broken zone in the overburden 
is confined within a pressure arch formed in response to the 
stresses imposed by mining. Measurement of the height of the 
roof or pressure arch is of interest, because it provides an es-= 

imate of the height of the heavily disturbed (caved) zone and 
permits calculated values to be checked. 


The roof arch height was measured by recording the penetra- 
tion rate ofa rotary drill bit. Drilling at constant pressus. 
was performed from the roadway below the horizon being worked. 
It was found that the variation of drilling rate between the un- 
broken and the caved hanging wall was distinct enough to give a 
reliable criterion for determination of the height of the caved 
zone. Above this zone, there was still a zone of cracked clay 
whose resistance was found to vary over a rather wide range. 


In order to relate the roof arch or caved height to measur- 
able parameters for prediction purposes, a number of other tests 
were made. In the unbroken hanging wall before the face and in 
the broken hanging wall at several distances behind the face, 
pressures were measured in situ. Consolidation of the broken 
hanging wall and coal was investigated in the laboratory in a 
large confined compression test under the same pressures as were 
measured in situ. In this way, an analytical expression was ob- 
tained for the roof arch height (height of caving) at any time 
after the passage of the mining front: 


c = Mef + mpi (1 - gp) (9) 
52 oan 
where C = roof arch height, 


Mef = thickness of coal extracted, 


Mpi+=-thicknésssomcoal ene lienoot 


Sp-="— swell ’factorsorecoaus 
and gotre swell \factorpoteciay= 


The swell factors gp and gp are time dependent and were derived 
trom laboratory tests which yielded four equations. For mining 
under undisturbed overburden, 
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FIGURE 11. - Formation of a broken 
zone in the overburden. 


PAs = leche 05 G8 Gack eae ete en Ue ee. LE (10) 


and go = 1.408 + 1.255/t. (11) 


For mining where the overburden has been disturbed by previous 
mining, 


oe Ei lata O22e estas os mmabe Oi oeemm ome ae (12) 


and ls 390 4a OS (30) 
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The time factor, t, is measured in days. 


In figure 12, measured and calculated roof arch height val- 
ues at the Velenje Mine are plotted versus distance from the ad- 
vancing longwall face. As can be seen, the derived expression 
is conservative in that it predicts higher roof arch (caving) 
heights than were actually measured. 


Equation 8 can be considered as a shortened version of equa- 
tion 9 based on the assumption that there is little or no signif- 
icant coal left in the roof.. Under normal conditions.the differ- 
ence in the outcomes of the two equations is negligible compared 
to the probable error associated with each. 


Ropski and Lama (32) studied the nature of caving in the 

Lenin Colliery in Poland. The purpose of their investigation 
was to determine the displacement of the roof rocks over a long- 
wall panel in order to assess the future mineability of coal 
seams located at a distance above the panel. They point out that, 
"The formation of the caving zone is dependent upon the nature 

of the rocks lying above the seam with respect to their capabil- 
ity of caving, the system of support of the face, the method of 
extraction, and the cycle of operations on the face. The rocks 
which cave well and at regular intervals immediately after the 
withdrawl of the support on advance of the face give rise to bet- 
ter support conditions to the top-lying beds which then slowly 
bend over. In such cases the region of caving and large-scale 
racturing (regions of primary and secondary caving) is smaller 
compared to the conditions where massive beds lie which cave at 
large intervals in big blocks giving rise to a small increase in 
the volume of the caved rock." 


Measurements were made of the caving above a mined seam of 
thickness 1.0 to 1.1 meters dipping at an angle of about 6 de- 
grees and lying at a depth of about 220 meters. The seam has a 
roof consisting of shales, sandy shales, and fine-grained sand- 
stone. Measurement points were established in boreholes and 
openings in the roof, floor and sides of roadway excavations lo- 
cated above the mined panel. 
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FIGURE 12. - Measured and calculated height of caving 
during mining afirst bench at the Velenje 
Mine (16). 
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The caved roof is described by dividing it into three zone 
based upon the extent of fracturing. The lowermost zone, or th 
nearest the mined panel, is termed the zone of primary caving. 
In this zone "the caved rocks completely disintegrated into smail 
blocks the size of which varied from a few centimeters to several 
tens of centimeters. These pieces rotated about their axis, and 
piled up in the goaf to fill up the extracted area."' The height 
of the zone of primary! caving varied from 1.5 to 2 timesiwne 
thickness of the extracted seam. 
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"The higher -lying beds settle over this caved zone and the 
compression of this primary caving zone takes place. The amount 
of damage occurring to these settling beds is quite extensive 
and depends upon the compression taken up dy the zone of primary 
caving. Large horizontal movement takes place in this region 
and the beds develop a network of horizontal and vertical cracks. 
The beds, however, do not completely lose spacial arrangement 
with respect to their neighbors." This zone is termed the zone 
of secondary caving. It's vertical extent above the primary 
caving zone varied from 1.0 to 1.5 times the thickness of the ex- 
tracted seam. 


Above the zone of secondary caving is a zone where bed sep- 
eration is predominant over fracturing. Here, separation occurs 
primarily along pre-existing bedding planes. The beds, "...open 
out like the pages of a book but close with further advance of 
the face. The continuity of the beds is maintained to a very 
great degree though they do develop cracks.'' At the four obser- 
vation points where bed separation was observed, the maximum 
amount varied from 8 to 15 millimeters but the final value was, 
"hardly a few millimeters". 


The total thickness (primary plus secondary caving zones) 
of the roof beds heavily damaged by mining the longwall panel 
was 3 to 3.5 times the thickness of the extracted seam. It 
should be noted that the overburden rocks for this mine caved 
easily and therefore the height of caving was smaller than would - 
have been the case for strong massive roof rocks. 


Kenney states that "A source of variation in the boundaries 
of the supported roof is the type of roof material and its assoc- 
iated density increase on fragmentation. Massive sandstone 
roofs, for example, tend to cave in extremely large regular 
blocks." In such cases the swell factor may be very near unity, 
resulting in large amounts of caving. 


Nakajima (35) studied the nature of caving over a longwall 
mine in Japan. Figure 13 depicts his findings. While Nakajima 
does not divide the caved roof into three zones as did Ropski 
and Lama, it is evident from figure 13 that the caving process 
was Similar in the two studies. Nakajima's crack and destruction 
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FIGURE 13. - Nature. of caving over 4 longwall mine. 
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zone correspon 1ds to Ropski and Lama's zones of primary and sec- 
ondary caving. Both studies describe a higher zone of bed sep- 
aration with few vertical fractures. The total disturbed height 
is about 12 to 13 times the thickness of the upper mined seam 
but this measurement is complicated by the subsidence effects of 
a lower mined seam. The most significantly disturbed portion of 
the crack and destruction zone appears to be about 3 or 4 times 
the thickness of the upper mined seam. 


axena and others (36) related the nature of caving to 
natural planes of weakness in the roof rock of coal mines at 
the Moonidah Proj}éct.cin> Indias. they found chatys. where tne 
natural weakness planes in the roof in the goaf was quite regu- 
lar and in the form of comparatively smaller blocks, whereas at 
where the natural weakness planes in the roof strata 
lel to the faces, caving in the goaf took place in 


Stefanko (37) notes Similar effects due to natural cleavage 
planes as well as the effects of massive beeh strength rock in 
describing the support requirements for a longwall face. He 
notes that, “...... roof behavtoneiseamiunet on .ofeseveta. actions 
and reactions."' As a longwall face advances, the immediate roof 
sags away from the stronger, higher strata (figure 14). The im- 
mediate roof hinges at the edge of the face and induces cleavage 
in the strata over the coal. These cleavage planes then facil- 
itate shearing of the roof behind the supports. In situations 
of shallow depths and stronger more competent roofs the stress 
distribution is not sufficient to induce this incipient cleavage 
and so the roof breaks in large slabs as shown in figure 15. 

Even at great depth massive sandstone may break into large blocks 
rather than disintegrating into smaller pieces. 


The mining of thick seams in the South Maitland coalfield 
in New South Wales is described by Harrison (38). Roof rock 
there is made up of massive beds of conglomerates, sandstones, 
and siltstones. These strata have high breaking strength and 
therefore, "...the formation of well-broken and high fallen 
goaves is unusual. Consequently, where a thick seam has been 
extracted large voids remain, no closure and compaction takes 
place 


Dunrud (5) summarizes the research of a number of foreign 
investigations. They find in general, that the amount of frac- 
turing in the overburden is somewhat dependent upon the rate 
of mining: '‘''...slower or variable mining speed increased over- 
burden breakage" 


Nakajima (35) looked at the effects of reconsolidation 
of the caved or broken zone over time. In studying longwall 
mines in Japan he found that just after mining at Kushiro Col- 
liery the ratio of vacant space to vertical height in the caved 
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FIGURE 14. - Caving behind a longwall face. 


FIGURE 15. - Caving with shallow depth and 
competent roofs. 


roof was about 30%. Data gathered ane DO holes in the goat 

2 years after the mining indicated that this ratio had dropped 

to an average of 6.2%, indicating that nee reconsolidation had 
taken place and that permeability as represented by the vacant 
spaces in the caved material was greatly reduced over the 2-year 

period. Nakajima points out that the reconsolidation process re- 
quires the presence of water to be most efficient, and that though 
the roof was solid enough to be mined under after two years with 

no coal left as an interme eee oof, the solidified caved mater- 


roo 
‘water was dripping 


3 
ial was wet and ' through it like conglomerate 
with “Sats matrix material” 

Sikora.(39) found similar circumstances in observing thick 
seam longwall m mines in Polend He found that the amount -or=ree 
consolidation is dependent upon the presence of water and the 
nature of -thestrocok rock: Argillaceous rocks mer as shales and 
siltstones with an average moisture content of 4.5 percent were 
considered optimum for maximum reconsoli Sera A 
Permeability Changes 

The potential for changes in the permeability of the ground- 


water medium due to the subsidence effects of 
is well recognized. In a study of mine water 
anthracite region of Pennsylvania, Dierks and others (40) discuss 
the origin of mine water seepage. They state that, "The greatest 
seepage must be attributed to the permeability of strata broken 
by subsidence after mining had ceased." Figure 16 illustrates 
the general situation with regard to permeability changes over 
mined-out seams. Permeability changes within the zone of heavy 
fracturing in the immediate roof area are discussed in this sec- 
Clon: 


underground mining 
CONECTOL “int (ne 


Measurement to determine the magnitude of permeability 
changes is difficult. In a’ searcheor themiiterature only ciree 
case studies were found which actually compared premining and 
post-mining values. The comparisons showed significant increases 
in permeability in all cases. Tey also showed that the pro- 
cesses involved are highly complex and that further study is 
needed in order to identify all of the significant variables 
and their relationships to the final permeability value. 


Williamson (41) studied the feasibility of mining under 
reservoir waters near Sydney, Australia. The problem involved 
determining whether or not large losses of water would occur 
through the subsidence-disrupted strata. The overburden was 
generally characterized by large thickness of sandstone inter- 
bedded with thin claystone and shale layers. The shale and clay- 
stone layers were impermeable and served as barriers to vertical 
flow between sandstone units. 
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Bulli seam and < rmeability measurements were taken at 6-to 9- 
meter intervals upward from the seam for most of the length of 
the hole. Permeabilities were all low, ranging from 4 x 10-/ 
em/sec down to 3.5 x 1079 em/sec. These values are typical of 
relatively imrermeable DEAS such as shale and well cemented 
fine-grained sandscone. Over the worked area, permeabilities 
were taken in a borehole Weward from 73 meters above the Bulli 
Sean The cores from over the worked panel had more pronounced 
fracturing and the measured permeabilities were consistently 
higher than over the unworked area. They ranged from 4 x 10-4 
down to”6.4 x 107° cm/sec and weremmostly on the order =o ios 
em/sec. The higher end of this range is representative of fair- 
ly permeable, productive sandstones. The average permeability 
over the unworxed area was about 2 x 10-/ cm/sec. This value, 
when compared to 19-7 cm/sec over the mined seam gives a 5- fold 
increase in permeability. 


These results should be considered in the context of a num- 
ber of factors. The lowermost permeability change measured was 
63 meters above the mined seam. If the overburden is assigned 
a normal swell factor of 1.3 with a mined seam height of 1.8 

meters, equation 8 gives a caving height of 6 meters. The ob- 
served peruse he lity changes therefore, occured well above the 
height of caving and even above the expected height of signifi- 
cant bed separation (13m or about 23 meters). Permeability 
increases would, in all likelihood, be a much higher order of 
magnitude if measured in closer proximity to the mined seam. 


While Williamson's study does not measure permeability 
changes in the caved zone or permit the formulation of a predic- 
tive equation, it does indicate that the strata disruptions 
which take place over a mined panel result in permeability in- 
creases of sufficient magnitude to significantly alter the local 
groundwater flow regime. 


Neate and Whittaker (42) studied changes in in situ pern- 
eability of the strata over a longwall panel being mined under 
the North Sea. Lynemouth Mine is situated on the North Sea 
coast. As is shown in figure 17, a number of coal seams are 
present in the geologic section. The Main Seam’ has been worked 
by the room and pillar system. It lies about 90 meters below 
the sea bed. The Brass Thill Seam is about 160 meters below 
the sea bed and was being longwall mined from a panel 1.5 meters 
thick with a face length of 195 meters and a planned advance of 
650 meters. Two boreholes were drilled throughout the strata 
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between the Main Seam and the Brass Thill to a height of 11 me- 
ters above the planned extraction. One hole was located towards 
one ribside and the other over the centerline of the panel (fig- 
ure 18). It was anticipated that the mining would completely 
undermine the boreholes, however, production was ceased with the 
panel face some 7 meters short of the borehole positions. 


The boreholes were instrumented to measure permeability at 
various levels above the panel. Pipes connected the borehole 
opening to each of six sealed-off sections (figure 17) and per- 
meability was measured in each of the sections by constant-head 
tests. Since no mention is made of differentiating between hor- 
izontal and vertical permeability it is assumed that the values 
quoted are for mean permeability. 


Increases in permeability were related to time and panel 
face position with respect to the borehole (figure 19). The 
significance of these figures in the context of long term ef- 
fects is that permeability increases to a peak with time and 
face position, and then decreases back toward its original value. 
Neate and Whittaker attribute the position of the onset and peak 
permeability changes to the configuration of ground strains in 
advance of the longwall face. The shapes of the curves in fig- 
ure 19 also correspond to the observations of Ropski and Lama 
(32) who describe how the beds in strata overlying a mined panel 
opened up like pages of a book and then closed with further ad- 
vance of theface. Figure 20 is a plot of the percent change of 
ratio of peak to onset (prior to mining) permeabilities as ob- 
served by Neate and Whittaker at various heights above the mined 
seam. Borehole 1 is located above the panel center-line and 
experienced generally larger increases than did borehole 2, indi- 
cating that permeability effects are dependent on location with 
respect to the panel. The curves in figure 20 do not show a pat- 
tern of less increase in permeability with height above the seam 
as would be expected but rather seem to indicate that the degree 
of change may be highly dependent upon local variations in strata 
lithology. There is not however, enough geologic data to verify 
this. Magnitudes of increase vary between about 1.5 and 10 times 
original undisturbed permeability. 


The ratio plotted in figure 20 measures peak permeability 
changes. It was observed that permeability actually decreased 
over time after the peak value was attained, therefore the mag- 
nitude of the final permeability increases would be expected to 
be less than those plotted in figure 20. 


Since the instrumented boreholes extended to 11 meters above 
the mined seam and the bottom 3 meters were grouted, 14 meters 
above the seam was the lowest extent to which permeability 
changes were measured. Using a swell factor of 1.3 and a seam 
thickness of 1.5 meters, caving height as computed by equation 8 
is 5 meters and the highest expected extent of bed separation is 
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FIGURE 20. - Relative permeability change at Lynemouth Mine. 
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about 20 meters. The lowermost permeability changes were there- 
fore measured above the height of caving and within the zone of 
bed separation. The boreholes, however, were never undermined 
by the panel and therefore the permeability increases measured 
were primarily those caused by stresses imposed in advance of 
the face. Permeability increases experienced in the measured 
sections, if the boreholes had been completely undermined, would 
be expected to be significantly higher due to increased caving 
into the mined-out void. 


Permeability changes in boreholes over two longwall mine 
sites were investigated by Whittaker et al. (43). The first mine 
was in the Deep Soft Seam of the East Midlands Coalfield in 
the United Kingdom. The longwall panel was 220 meters wide and 
0.81 meters thick with an overburden depth of 628 meters. 


Figure 21 shows the orientation of the test boreholes in 
relation to the mined panel. As can be seen, the instrumented 
strata consist of alternating beds of shale, siltstone, mudstone, 
sandstone, and coal. 


The five boreholes were drilled in the same vertical plane 
and tested at intervals down to approximately 2 meters above one 
edge of the mined panel. Some overlap of test intervals exists 
between boreholes, thereby complicating interpretation of results. 
Applying equation 8 with a swell factor of 1.3 and a mined seam 
height of .81 meters the caving height is about 3 meters and is 
penetrated in part by borehole No. lL The height of bed separa- 
tion (13m = 10.5 meters) is monitored by boreholes 1 and 2. 


Permeability was measured using a Lugeon or packer test. 

This involves pumping water into the hole at a known test pres- 
sure and using the rate of flow into the strata to compute per- 
meability. Higher flow rates correspond to higher permeabilities. 
Measurements were taken whenthe panel face was well away from the 
boreholes in order to establish a baseline permeability, and then 
periodically as the face advanced toward, under, and beyond the 
borehole locations. 


Figure 22 shows the results for borehole Nos. 3 and 5. 
Whittaker et al. state that these results, “...show the flow 
characteristics before the ground was undermined together with 
test data showing the effect of undermining. The flow charac- 
teristics indicate the formationof widening cracks along the 
test cavity as the longwall face gradually undermined the test 
section." Figure 22B "...shows a test section which was only 
slightly affected by undermining (notice the change in abcissa 
scales); these results indicate that the ground became more 
impermeable before moving to a phase of increased permeability 
some distance after undermining." Orchard (2) noted that, 
'',..deformation due to subsidence can increase the natural pres- 
sure in certain directions and insure a higher degree of imperm- 
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eability than pre-existed."" In comparing Figures 22A and 22B 

Whittaker et al. state, '...it is inferred that the ground assoc- 
lated with borehole No. 3 became significantly affected by caving 
whilst the test section of borehole No. 5 was virtually intact 

during undermining. The pressure-flow curve variation was due to 
opening and closing of minor fissures/cracks."' This agrees with 
ee ne of Neate and Whittaker (42) and Ropski and Lama 


Figure 23 appears to illustrate differences in strata be- 
havior owing to differences in lithology. Figure 23A relates 
flow rates to the distance between the face and borehole No. 1. 
Figure 23B does the same for borehole No. 4. Note the ordinate 
scale differences between the two figures. Increases in flow 
rates (permeability) are larger for borehole No. 4 even though 
it tests a higher level of strata than borehole No. 1. The an- 
ticipated finding would be that the lower levels would occur in 
zones of greater strata disruption (caving vs. bed separation). 
Figure 23 also shows that permeability increases for borehole 
No. 4 are delayed longer with respect to face position than 
are those for borehole No. 1. Whittaker et al., attribute 
these incongruities to lithologic differences. Specifically, 
they state that the behavior of the layer of sandstone in the 
test horizon of borehole No. 4 may account for its higher flow 
rates. The timing of the increases in flow rates in borehole 
No. 4 may be the result of a delayed break-up of the higher 
strength sandstone bed. 


Whittaker, et al., also state that, “after 40m behind 
the face line there is an indication of increasing consolidation 
of the strata taking place."’ This reconsolidation effect was 
also observed by Nakajima (35) and by Sikora (39) as previously 
noted. 


Figure 24 is a plot of height above the mined seam versus 
the ratio of peak permeability to onset permeability. As can be 
seen there is no consistent trend in permeability change with 
increasing height in the overburden. It is likely that lithol- 
ogic differences (such as the sandstone layer mentioned above) 
are the main reasons for the complexity of these results. The 
magnitude of increase varies between about 9 and about 230 
times the undisturbed permeability values. 


The second site studied by Whittaker, et al., was a mine 
in the Swallow Wood seam of the Yorkshire Coalfield at Went- 
worth, England. The longwall extraction was 2.1 meters thick, 
190 meters wide, and, 54 meters below the surface. Measure- 
ments were taken in an instrumented borehole drilled from the 
surface over the panel center line to a depth of 1.4 meters so 
that the lowermost tested interval was 13 to 14 meters above the 
mined panel. Given a swell factor of 1.3 and a mined thickness 
of 2.1 meters, the caving height for this mine is approximately 
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7 meters, and height of bed separation about 27 meters. The 
borehole therefore penetrated into the bed separation zone but 
not the caved zone. 


Figure 25 illustrates the general stratigraphy and the in- 
tervals tested. Each of the intervals was sealed off and indiv- 
idually tested for horizontal permeability using a packer-type 
test and Horselev's (44) approach as described in Whittaker and 


Singh (45) The. gatio of horizontal to vertical permeabiiin, 
was assumed to be 106. Figure 26 illustrates changes in the 


ratio of subsequent permeability to base permeability plotted as 
a function of face position for section Nos. 2, 3, and 4G. Whege 
taker et al. note that the changes in flow characteristics took 
place '...in marked steps implying opening and closing of near- 
surface cracks/fissures.'' As is apparent in figure 26, permea- 
bility increases settled to consistent values some 60 meters or 
more behind the face position and were considerably lower than 
the peak values achieved. The largest peak increase is indica- 
ted for section No. 4 in the upper ten meters of the borehole. 
Whittaker et al. state, "'It is considered that the main factor 
responsible for this feature is the close proximity with the 
surface even though sandstone was present which would have also 
contributed to this degree of change.'' Figure 27 is a plot of 
the last measured permeability increases (taken from figure 26) 
for sections 2, 3, and 4 versus height above the seam. The val- 
ue for section No. 1 was not obtained. Due-.to the lack of a 
sufficient number of data points no definite trend in permeabil- 
ity change can be discerned as the height above the seam in- 
creases. The magnitude of permeability increase ranged between 
22 and about 38 times the original undisturbed values. As to 
the absolute value of the measured permeabilities, Whittaker et 
al. summarize by pointing out that, "The strata tested can be 
described as virtually impermeable before undermining in the case 
of the Wentworth Site, but after undermining change in ground 
permeability was sufficient to promote minor flow in the case of 
the upper horizon but the lower horizons were not so affected." 


Summary of Impacts on Groundwater Flow 


The height of caving depends to a large extent on the lith- 
ology of the roof rocks. The roof caves most efficiently if it 
is bedded, relatively weak, argillaceous rock. The swell factor 
of such rock is estimatedvateGromeleoetoOe lee Dau cet poe oes 
material will occupy 1.3 to 1.5 times its original unbroken vol- 
ume. For massive, stronger, arenaceous material, the swell fac- 
tor will be lower. With a higher swell factor the height of cav- 
ing will be less because less material needs to cave in order to 
fill the mined void and provide support for the higher, unbroken 
Strata. The swell factor of the roof material is accounted-for 
in equation 8(g) and equation 9(gg). Equation 9 also takes into 
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FIGURE 22) 


account the swell factor (gp) and thickness (mpi) of any coal 
left in the roof as well as the’ time (t) in days. since mining: 
Equations 12 and 13 are provided to account for the mining of 
multiple benches. If the problem is simplified by considering 

a large.time period, little or no coal left in the roof, andtne 
mining of a single bench, the variables mpi and gp are insignif- 
icant and equations 10, 11, 12, and 13 are not needed. Equation 
9 then effectively becomes equation 8. For a swell factor of 

1.5 (weak argillaceous rock), equation 8 predicts a caving height 
of 2m. For a swell factor of 1.1 (massive sandstone), equation 

8 predicts a caving height of 10m. The range of 2m to 10m in- 
cludes those heights of caving described in the literature. 
Equation 8 will therefore be used in this study to predict height 
of caving for the; 10 hypothetical sites. Swell factors aresegs 
timated based on the mine roof lithology. 


The height of the zone which primarily experiences only bed 
separation is set at 13m in accordance with Nakajima's (35) 
study. It therefore occupies a thickness of 13m-C. This esti- 
mate is conservative in that it corresponds to the largest verti- 
cal extent found to be cited in the literature. 


A qualitative description of caving in roof rock which caves 
efficiently involves dividing it into 3 distinct zones. The low- 
ermost zone consists of rock which is highly fractured and bro- 
ken into small, reoriented blocks. The middle zone is highly 
fractured and cracked but individual blocks maintain an approxi- 
mate in situ orientation. These two zones are included in the 
height of caving predicted by equation 8. The upper-most zone 
consists of strata which have been separated along bedding planes 
buthave few, if any, vertical fractures. The amount of increase 
in permeability should be greatest in the strata experiencing 
the most fracturing and breakage. Accordingly, the lowermost 
zone should experience the largest increase in horizontal and 
vertical permeability. The middle zone should have similar but 
smaller increases in horizontal and vertical permeability. The 
upper zone will have small increases in permeability and these 
will primarily be in the horizontal direction since new openings 
will occur along pre-existing bedding planes with few vertical 
fractures. An exception to this would be where pre-existing 
vertical fractures or joints occur which are opened by subsidence 
Wardel (11) cites such a case at Aberfan, South Wales where high 
tensile strains caused by mining, "enlarges pre-existing fissures 
and joint planes in the sandstones thus increasing its storage 
capacity and the capacity of the formation to transmit water." 


Stronger, more massive roof rocks may not display this zoned 
effect at all. These may cave in large blocks, causing increased 
permeability only along large, widely separated fracture planes 
and in voids created above the fractured material. 
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Variables such as the orientation of natural planes of 


weakness, flushing of caved material into the uncaved area be- 


hind the roof supports, and rate and uniformity of mining also 
affect the height and nature of caving. The effects of these 
variables are however, difficult to isolate, and little empirical 
data is available upon which to base a quantitative prediction. 
Qualitatitively, decreased rate of uniformity of mining results 
in increased caving as does the movement of caved material out 

of the caving area toward areas where the roof is still supported. 
Caving is most efficient where natural weakness planes are per- 
pendicular to the mined face. 


Finally, reconsolidation of the caved material is a consid- 
eration in evaluating long term changes in the groundwater regime. 
The reconsolidation of the caved material which occurs over time 
due to the weight of the overburden can alter the nature and 
amount of permeability to be expected. There is insufficient 
data available to make a quantitative estimate of reconsolidation. 
The most that can be said is that the magnitude of the anticipa- 
ted permeability increases will probably be lessened owing to 
reconsolidation. This would be particularly true for those mines 
having argillaceous roof material and having enough water present 
in the caved goaf to enable optimum reconsolidation to take place. 
In some instances, reconsolidation of the caved material may re- 
sult in increased height of caving or strata disruption owing to 
compaction of the caved material supporting the roof. 


Table 3 is a summary of the data from the five studies in- 
volving permeability changes previously described. Each of the 
studies reports increases in groundwater permeability due to the 
subsidence effects of the longwall extraction of a panel of coal. 
The studies provide useful information as well as point out the 
way for needed additional research. 


Williamson's results at Sydney, Australia indicate that sig- 
nificant increases in permeability occur even in that portion of 
the overburden where caving or large scale bed separation would 
not be expected. Given that the testing and analysis procedures 
used measured changes in total permeability without regard to 
Seeeeeron (that is, vertical vs. horizontal) itis difficult to 
know whether the increases would result in new hydraulic connec- 
tions between aquifers which were previously separated vertical- 
ly by impermeable layers. It seems likely that significant in- 
creases in permeability for bedded strata at a distance well 
above the caving zone would be in a horizontal direction along 
bedding planes opened by the downward movement of strata into 
the mined void. If, however, previously existing vertical joint 
sets were opened by subsidence, then it is conceivable that con- 
siderable increases in vertical permeability might take place at 
this level. 
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Variables such as the orientation of natural planes of 

| weakness, * ee of caved material into the uncaved area be- 
Menind the roof supports, and rate and wniformity of mining also 

| affect the height and nature of caving. The effects ofthese 
Mevariables are however, difficult to isolate, and little empirical 
|} data is available upon which to base a quantitative prediction. 

| Qualitatitively, decreased rate of uniformity of mining results 
in increased caving as does the movement of cave material out 
®Of the caving area toward areas where the roof is still supported. 
) Caving is most efficient where natural weakne planes are per- 
pendicular to the mined face. 


Finaliyv, r 


econsolidation of tne caved material is a consid- 
eration in evaluating long term changes in the groundwater regime. 
Tne reconsolidation of the caved material which occurs over time 
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due to the weight of the overburden can alter the nature and 
amount of permeability to be expected. There is insufficient 
data available =o make a quanti tative estimate of reconsolidation. 
The most that can be said is that the magnitude of the anticipa- 
)ted permeability increases will probably be lessened owing to 

reconsolidation. This would be pew. arty true for those mines 
having argillaceous roof material and having enough water present 
in the caved goaf to enable optimum reconsolidation to take place. 
In some instances, reconsolidation of the caved material may re- 
Sult in increased height of caving or strata disruption owing to 
compaction of the caved material supporting the roof. 


Table 3 is a summary~of the data from the five studies in- 
volving permeability chang res previously described. Each of the 
studies reports increases in groundwater permeability due to the 
Subsidence effects of the longwall extraction of a panel of coal. 
The studies provide useful information as well as point out the 
way for needed additional research. 


Williamson's results at Sydney, Australia indicate that sig- 
nificant increases in permeability occur even in that portion of 
the overburden where caving or large scale bed separation would 
not be expected. Given that the testing and analysis procedures 
used measured changes in total permeability without regard to 
Seeeieron (that is, vertical vs. horizontal) it is difficult to 
know whether the increases would result in new hydraulic connec- 
tions between aquifers which were previously separated vertical- 
ly by impermeable layers. It seems likely that significant in- 
creases in permeability for bedded strata at a distance well 
above the caving zone would be in a horizontal direction along 
bedding planes opened by the downward movement of strata into 
the mined void. If, however, previously existing vertical joint 
sets were opened by subsidence, then it is conceivable that con- 
Siderable increases in vertical permeability might take place at 
this level. 
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Neate and Whittaker measured changes in permeability at the 
Lynmouth mine for levels of strata likely to be in and just above 
the zone of bed separation. They too, measured mean permeability 
and did not differentiate between vertical and horizontal permea- 
bility changes. They found that even though both measuring 
points were located over the mined panel, permeability changes 
were larger over the panel center line. Their findings also in- 
dicate that lithology has an overriding effect and that the mag- 
nitude of change does not necessarily decrease with increasing 
height above the seam as would be expected. A factor which must 
be considered in studying Neate and Whittaker's results is that 
the instrumented boreholes were never undermined during the per- 
iod of data acquisition. The complete effects of subsidence were 
therefore not experienced. | 


Whittaker, et al., report the results of studies in two 
separate locations. Over the Deep Soft seam they measured 
changes in permeability in both the caved and bed separation 
zones. Theytoo, found no recognizable trend in the magnitude of 
permeability increases as height above the seam increased and 
they attribute this to lithologic variations. They report in- 
creases of as much as 230 times the premining permeability. 
These are, however, peak values and their data indicates that 
permeability increases tend to peak during mining and then fall 
off to some lower value after mining is completed. 


Data from the second site (Swallow Wood seam) studied by 
Whittaker, et al., provide information on changes in horizontal 
permeability in the bed separation zone and above. The results 
are reported to be, in part, a function of lithology and close 
proximity of the seam to the surface. The authors use 106 as the 
ratio of horizontal to vertical permeability. Application of 
this ratio to the largest amount of horizontal permeability meas- 
ured after mining gives a value of vertical permeability on the 
order of 10-11 cm/sec. This would be typical of a virtually im- 
permeable clay. It would seem, then, that increases in vertical 
permeability in the zone tested by Whittaker, et al., (that is, 
the bed separation zone and above) were in this case insignifi- 
cant in terms of establishing new hydraulic connections between 
layers of overlying strata. 


All three studies show that permeability increases do take 
place within subsided strata. Orders of magnitude of the in- 
creases spanned a wide range and were complicated by the unknown 
relationship between horizontal and vertical permeability and by 
local variables such as lithology. In order to make quantitative 
predictions of permeability increases for a given mine, much more 
empirical data must be acquired on which to base a methodology. 
While no quantitative methodology can be derived from the three 
studies cited, it can be safely concluded that, at least for the 
strata located in the caving or bed separation zones, the potent- 
ial exists for large order of magnitude increases in permeability 
and therefore for the establishment of hydraulic connections be- 
tween previously isolated aquifers. 
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Impacts on Groundwater Quality 


In a search of the literature, no case history studies were 
found which specifically dealt with measured water quality 
changes associated with the underground total extraction of thick 
coal seams. In any case, it is doubtful whether a useful method- 
ology for predicting changes in water quality parameters in the 
western United States could be developed from the empirical data 
of foreign case histories. Most of the areas in foreign coun- 
tries where underground thick seam mining is taking place exhib- 
it significant differences in the conditions of climate, lith- 
ology and groundwater from those found in the western United 
States. For example, Musser (46) cites three factors responsible 
for the generation of acid mine drainage: 


(1) The presence of considerable amounts of pyrite; 
(2) ~abundant rainfall “and runoff; and 


(3) low natural alkalinity of the groundwater being 
affected. 


All of these factors are often present in European coalfields. 
In the western United States, however, the arid to semiarid con- 
ditions, low sulfer (pyrite) coal, and normally alkaline nature 
of the groundwater tend to minimize the occurence of acid mine 
drainage. 


Similarities in process do, however, occur between western 
United States and foreign coal fields in terms of the physical 
effects of underground longwall mining on the groundwater media. 
This is important because the quality of groundwater is deter- 
mined largely by the nature of the media through which it flows. 
Hamilton and Wilson (47) point out that, "In an aquifer, with 
slow water movement and a large surface area for the liquid-sol- 
id interface, there is a long contact period which allows the 
establishment of a chemical equilibrium between the liquid and 
solid phases. Consequently, water tends to exhibit chemical 
characteristics imparted to it by the media it has flowed 
through. Thus, water taken from different aquifer materials 
will have different chemical compositions." It follows then, 
that a change rendered to the media by mining activity will 
have an effect on groundwater quality. 


In the case of the total underground extraction of thick 
seams, the media will be altered in primarily two ways: 


(1) The replacement of part of the coal seam aquifer 
by caved overburden material; and 


| 
: 


(2) the creation of a previously nonexistent hydraulic 
connection between two aquifers containing ground- 
water of differing quality. 
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The replacement of part of a coal seam by caved overburden 
material is especially significant for western United States 
coal fields because oftentimes the coal seams themselves serve 
as the most important confined aquifer in the shallow ground- 
water system. This has been pointed out by Van Voast and 
Hedges (48), and Davis (49). It has also been confirmed by stu- 
dies done by Hittman Associates (50) in the Powder River Basin 
of Wyoming and Montana (an area where many seams in excess of 15 
feet thick are present). Groundwater flowing through the frac- 
tures in organic coal material tends to be less mineralized and 
therefore of a higher quality than water obtained from inorganic 
aquifers. The replacement of organic coal by inorganic materials 
which have been fractured exposing fresh mineral surfaces to sol- 
ution and oxidation, therefore, tends to decrease water quality. 


Van Voast, et al., (51) studied the quality of water as- 
sociated with several large strip mines in the Powder River 
Basin of Montana. Groundwater from spoil material was studied 
to“discern changes in quality. "Spollsmaterial ic, 1D tack. 
overburden which has been used to fill the void created by 
Strip mining a coal seam. In that it has replaced part of the 
water-bearing seam it is the surface mine equivalent of the 
caved material in an underground longwall mine. Van Voast, et 
al., found that the chemical quality of the post-mining ground- 
water was highly dependent upon the amount and types of soluble 
salts in the spoil material. They also found that the, "Spoil 
waters from individual mines are of the same general chemical 
types as are the ground waters from nearby undisturbed aquifers." 
In general, they noted that the median concentrations of dis- 
solved solids and of some trace elements are higher in waters 
from mine spoil than in waters from coal beds. They felt that 
the potential for increased dissolved solids was most signifi- 
cant. 


Hounslow, et al., (52) studied the relationship between 
overburden mineralogy and groundwater chemical changes at six 
surface mines inWyoming, Colorado, New Mexico and Montana. 

They encountered sandstones, siltstones, shales, and limestones 
in the overburden material. In terms of effects on water qual- 
ity, the critical minerals found within these rock types were 
sulfates, carbonates, clays, and sulfides. Gypsum was found 

to be the most important sulfate because it is readily soluble 
in water and is probably the major contributer of Ca and S04. 
Calcite was the most important carbonate mineral because it 

can be dissolved by dilute acids such as the sulfuric acid 
produced by the oxidation of pyrite. Calcite generally occured 
as a cementing agent in sandstones and siltstones. Dolomite 
was also present at most of the mines and although less soluble 
than calcite, can be dissolved by sulfuric acids. Among the 
sulfides, "Pyrite (FeS ) is the most common sulfide occurring 
in the overburden rocks and in the coal of the mines studied. 
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Neate and Whittaker measured changes in permeabil ity at “the 
Lynmouth mine for levels of strata likely to be in and just above 


the zone of bed separation. They toe, measured mean vermeability 
and did not differentiate between vertical and horizontal permea- 
bility changes. They found that even ae cen both measuring 
points were located over the mined panel, permeability changes 
were larger over the panel center line. Their findinzs also in- 
dicate that lithology has an overriding effect and that the mag= 
nitude of change does not necessarily decrease with increasing 
height above the seam as would be expected. 7 factor which must 
be considered in studying Neate and Whittaker's results is tha 
the instrumented boreholes were never Bade nt ee during the per-= 
iod of data acquisition. The complete effects of subsidence were 
therefore not experienced. 

Whittaxer, et al., report the results of studies in two 
separate locations. Over the Deep Soft seam they measured 
changes in permeability in both the caved and bed separation 
zones. Theyt 


o, found no recognizable trend in the magnitude of 
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permeability increases as height above the seam increased and 
they attribute this to lithologic variations: théyrrepore 2. 
creases of as much as 230 times the premining permeability. 
These are, however, peak values and their data indicates that 
permeability increases tend to peak during mining and then fall 
off to some lower value after mining is completed. 


Data from the second site (Swallow Wood seam) studied by 
Whittaker, et al., provide information on changes in horizontal 
permeability in the bed separation zone and above. The results 
are reported to be, in part, altunersoneo. lithology and close 
proximity of the seam to the surface. The authors use 106 as the 
ratio of horizontal to vertical permeability. “Appl icacteqses 
CHrs ease to the largest amount of horizontal permeability meas- 
ured after mining gives a value of vertical permeability on the 
order of 10-21 cm/sec. This would be typical of a virtually im- 
permeable clay. It would seem, then, that increases in vertical 
permeability in the zone tested by Whittaker, et al., (that is, 
the bed separation zone and above) were in this case insignifi- 
cant in terms of establishing new hydraulic connections between 
layers of overlying strata. 


All three studies show that permeability increases do take 
place within subsided strata. Orders of magnitude of the in- 
creases spanned a wide range and were complicated by the unknown 
relationship between horizontal and vertical permeability and by 
local variables such as lithology. In order to make quantitative 
predictions of permeability increases for a given mine, much more 
empirical data must be acquired on which to base a methodology. 
While no quantitative methodology can be derived from the three 
studies cited, it can be safely concluded that, at least for the 
strata located in the caving or bed separation zones, the potent- 
ial exists for large order of magnitude increases in ‘permeability 
and therefore for the establishment of hydraulic connections be- 
tween previously isolated aquifers. 
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Impacts on Groundwater Quality 
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In a search of the literature, no case history studies were 
found which specifically dealt with measured water quality 
changes associated with the underground total extraction of thick 
coal seams. In any case, it is doubtful whether a useful method- 
ology for predicting changes in water quality parameters in the 
western United States could be developed from the empirical data 
of foreign case histories. Most of the areas in foreign coun- 
tries where underground thick seam mining is taking place exhib- 
it significant differences in the conditions of climate, lith- 
ology and groundwater from those found in the western United 
states. For example, Musser (46) cites three factors responsible 
for the generation of acid mine drainage: 


3) 


(1) The presence of considerable amounts of pyrite; 
fey esabundant rainfall” and runoff<;-and 


(3) low natural alkalinity of the groundwater being 
affected. 


All of these factors are often present in European coalfields. 
In the western United States, however, the arid to semiarid con- 
ditions, low sulfer (pyrite) coal, and normally alkaline nature 
of the groundwater tend to minimize the occurence of acid mine 
drainage. 


Similarities in process do, however, occur between western 
United States and foreign coal fields in terms of the physical 
effects of underground longwall mining on the groundwater media. 
This is important because the quality of groundwater is deter- 
mined largely by the nature of the media through which it flows. 
Hamilton and Wilson (47) point out that, "In an aquifer, with 
slow water movement and a large surface area for the liquid-sol- 
id interface, there is a long contact period which allows the 
establishment of a chemical equilibrium between the liquid and 
solid phases. Consequently, water tends to exhibit chemical 
characteristics imparted to it by the media it has flowed 
through. Thus, water taken from different aquifer materials 
will have different chemical compositions." It follows then, 
that a change rendered to the media by mining activity will 
have an effect on groundwater quality. 


In the case of the total underground extraction of thick 
seams, the media will be altered in primarily two ways: 


(1) The replacement of part of the coal seam aquifer 
by caved overburden material; and 


(2) the creation of a previously nonexistent hydraulic 


connection between two aquifers containing ground- 
water of differing quality. 


81 


The replacement of part of a coal seam by caved overburden 
material is especially significant for western Veit Bee States 
coal fields because oftentimes the coal seams themsel ves serve 
as the mos mportant confined aquifer in the shaliow ground- 
pee Se oo This has been pointed out by Van Voast and 

Hedges (48) , and Davis. (49)... It. has also »been, contimmed.oy eiims 
Hees done by Hittman Associates (30) in the Powder River Basin 
of Wyoming and Montana (an area where many seams in excess of 15 
feet thick are present). Groundwater flowing through tne Cedi 
tures in organic coal material tends to be less mineralized and 
therefore of a ete quality than water obtained from inorganic 
aquifers. The replacement of organic coal. by inorganic materials 
which have been fractured exposing fresn mineral surfaces to sol- 

tion and oxidation, therefore, tends to decrease water quality 

Van, Voast, et al. > (5h), studied the quality ef water aer 
sociated with several large strip mines in the Powder River 
Basin of Montana. Groundwater from spoil material was studied 
to discern changes in*quality. “Spoils, Merertai. oto eee 
overburden which has been used to fill the void created DY 
strip mining a coal seam. in that it has replaced pari sot ena 
water-bearin mit is the surface mine equivalent of the 


nz seam i 
caved material in an underground longwail mine. Van Voa ast, et 
ALie.  SO UL sleet biel bei ae chemical quality of the post-mining, grounds 
water was highly dependent upon the amount and types of soluble 
salts in the spoil material. .They also found, thac.the psJopou. 
waters from individual mines are of the same general chemical 
types as are the ground waters from nearby undisturbed aquifers." 
En general, they noted that the median concentrations of dis- 
solved solids and of some trace elements are higher in waters 
from mine spoil than in waters from coal beds. They felt that 
the potential for increased dissolved solids was most signifi- 
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Hounslow, et al., (52) studied the relationship between 
overburden mineralogy and groundwater chemical changes at six 
surface mines inWyoming, Colorado, New Mexico and Montana. 

They encountered sandstones, siltstones, shales, and limestones 
in the overburden material. In terms of effects on water qual- 
ity, the critical minerals found within these rock types were 
sulfates, carbonates, clays, and sulfides. Gypsum was found 

to be the most important sulfate because it is readily soluble 
in water and is probably the major contributer of Ca and S04. 
Calcite was the most important carbonate mineral because it 

can be dissolved by dilute acids such as the sulfuric acid 
produced by the oxidation of pyrite. Calcite generally occured 
as a cementing agent in sandstones and siltstones. Dolomite 
was also present at most of the mines and although less soluble 
than calcite, can be dissolved by sulfuric acids. Among.the 
sulfides, "Pyrite (FeS ) is the most common sulfide occurring 
in the overburden rocks and in the coal of the mines studied. 
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dation of pyrite releases sulfuric acid which, in an unbuffer 
”“ — 


Although ubiquitous, it is present OMLY)inl small amounts. . Oxi 
2 


‘System, causes a drastic decrease in pH, and which in turn re- 
psults in the well-known acid mine drainage. With limited 

amounts of pyrite and excess calcite and/or dolomite. 3s ocecurrec 
wan all the sites studied, the acid is neutralized and Ca, Me, 
and sulfate are added to the water. The iron (from the pyrite) 
is precipitated as amorphous ferric hydroxide." The presence cf 
clays was found to be significant because they preferentially 
absorb heavy elements and release lighter ones, "thereby tend- 


ing to act as chemical sponges exchanging and absorbing undes- 
drable heavey metals and releasing less toxic ones'’. Hounslow, 
et al., reach the following conclusions. 


(1) Spoil waters were generally calcium-magnesium- 
sulfate waters, high in total dissolved solids (TDS). 


(2) The carbonate-sulfide ratio controlled the pH. 


(3) Magnesium enrichment may result from gypsum 
precipitation. 


(4) Heavy metals are generally absent due to absorp- 
tion by clays. 


As is noted above, the oxidation of pyrite produces sulfur- 
Meeacid, soulfuric acid and the carbonic acid naturally present 
in precipitation react with calcium, magnesium, aluminum and 
Manganese minerals to produce soluble sulfates and increase TDS. 
SO while pyrite oxidation and atmospheric weathering do not pro- 
duce acid mine drainage in western coal fields, they do contri- 
bute to the increase in total dissolved solids. 


Acid formation requires the presence of both water and air. 
Water serves as both a transport vehicle and a reactant in the 
oxidation process, but oxidation reactions are drastically 
slowed when there is no air present to provide oxygen. Hill 
(28) notes that several investigators have found that when py- 
rite is submerged under water, pyrite oxidation essentially 
ceases. 


The subsidence process over a longwall mine would be ex- 
pected to open fractures and fissures above the mined void 
and thereby permit more air to enter into the caved area. Since, 
however, total extraction mining results in caved material fil- 
ling the mined area, no large open voids will be left through 
which air may pass easilv. In instances where the mined seam 
serves as an aquifer, water would be expected to fill the inter- 
stices of the caved material and further reduce the possibility 
of air contacting oxidizable minerals. In addition, unlike 
spoil material in a surface mine, the caved material of an un- 
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derground longwall-type mine does not have direct contact with 
the atmosphere. Consequently, wind currents and molecular dif- 
fusion (the movement of oxygen from the air near the surface 

of the spoil, where concentration is higher, to the gas or 
liquid-filled pores within the spoil, where it is lower) do not 
have an opportunity to inérease pyrite oxidation by supplying 
more oxygen. For these reasons it would be expected that the 
magnitude of change in water quality owing to the exposure of 
fresh mineral surfaces to oxidation and solution would most like- 
ly be less for total extraction underground mines than for room 
and pillar or surface mines. While magnitudes would decrease 
however, the chemical changes should be similar in nature to 
those described by Hounslow et al. (52). 


The second physical change to the groundwater environment 
which could have a significant effect on groundwater quality is 
the creation, through fracturing of the roof rock, of a hydraul- 
ic connection between two previously isolated aquifers. Mixing 
of water through this connection would give the resulting water 
a quality level approaching some average value. The largest 
changes should be a result of mixing waters which are the fur- 
thest apart in comparative quality. Normally, the greatest dif- 
ferences in water quality for groundwater in the western United 
States is found in comparing organic coal seam aquifer water to 
inorganic overburden aquifer water, usually sandstone. There- 
fore the greatest potential for change in water quality by the 
mixing of previously separated groundwater, comes when the frac- 
ture zone above amined coal seam intercepts an overlying sand- 
stone aquifer, causing its water to migrate into the caved mater- 
ial and mix with the higher quality coal seam water. 


Summary of Impacts on Groundwater Quality 


Given the factors of an arid to semiarid climate, low 
amounts of naturally occurring sulphides (pyrite), and alkaline 
groundwater, acid mine drainage should not be a problem for 
western longwall mines. Caving of overburden into the mined 
void will expose fresh fracture surfaces to oxidation and solu- 
tion, creating the possibility of locally higher TDS in the water 
Flowing in a coal seam aquifer. Fracturing of an overburden 
aquifer may result in a slight decrease in water quality through 
the exposure of fresh mineral surfaces but it is likely that the 
effects will be negligible since the groundwater will not be 
exposed to any significantly different lithology. Overall, the 
deleterious effects on water quality of replacing the mined coal 
with caved material in a longwall thick-seam mine should not be 
as great, and in most cases less than the effects from room and 
pillar or surface strip mining. 


The creation of hydraulic connections between previously 
isolated aquifers and the resulting mixing of their waters will 
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cause local changes in quality towards some average value. This 
could be a serious water quality problem when unpotable water is 
allowed to enter an aquifer system used for domestic water 


supply. 


Development of a methodology for predicting impacts on 
groundwater quality based upon foreign case histories is not 
possible at this time due to widely differing environments and 
a paucity of data. Development of a methodology based on domes- 
tic data also suffers from a paucity of data and is beyond the 
scope of this study. Potential for water quality changes is how- 
ever, noted in the site analysis wherever there is sufficient 
information to permit it. 
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SECTION V 
ANALYSIS “OF “TEN: STUDY “SITES 


Site Selection and Analysis 


Ten study sites from the identified thick-seam fields were 
chosen for further analysis. The intent was to select sites 
which would provide a wide range of surface and groundwater hy- 
drology, overburden lithology and geology, topography, and cli- 
mate. Since these factors are similar for many of the identi- 
fied fields, particularly for those fields in the Powder River 
Basin, the range of selection was somewhat limited. Sites were 
chosen in each of the states shown to contain thick-seam fields 
and this resulted in the largest variability possible. In ad- 
dition, wide ranges of overburden depths and extracted seam 
thicknesses were chosen in order to provide variability in the 
subsidence geometry. The specific locations of the hypothetical 
longwall mines were dependent upon the data available for the 
field. In many instances the information used to confirm the 
presence of a mineable thick seam was from drill holes or out- 
crops in areas of relatively shallow overburden. In thése cases 
the seams were projected into areas of thicker overburden which 
would be more suitable for underground mining and which would 
enable a wider range of mine geometries to be analyzed. Since 
the purpose was to assess impacts on existing water resources 
an effort was also made to locate sites where significant ground 
or surface water was present. Within each site single panels 
were located and their impacts analyzed in addition to and sep- 
arate from the square mile site as a whole. Emphasis was place 
on locating these single panels within the site at places where 
the most potential for disruption to hydrology occured. They 
may or may not be the first panels mined at a particular site 
and their orientation was determined with reference to hydrol- 
ogic considerations rather than mining efficiency considerations. 


The analyses are limited by the amount of data available 
for each of the study sites and by the case history data found 
in the foreign literature search. The scope of the study did 
not permit field work or an extensive site by site search for 
and analysis of such data as detailed lithologic and geophysical 
borehole logs, pump tests, streamflow records and stream hydro- 
graphs, precipitation records and rock properties tests. The 
following “actors are pertinent to the analyses. 


(1) The data sheets for each single panel and each 


Square mile site show calculations for maximum 
subsidence and the subsidence profile using 
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FAR One ee 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


both the Subsidence Engineers' Handbook (4) 
and equation 1 by Kumar and Singh (1). 


For the sake of simplicity it was necessary to assume 
that the entire seam is extracted, leaving no barrier 
pillars under the square mile sites. Given present 

day technology, this assumption is somewhat unrealistic. 
If panels of equal widths and thicknesses were mined 
leaving barrier pillars between them, it would be ex- 
pected that the subsidence characteristics above them 
would vary with overburden depth since the width-depth 
ratio for each individual panel would not necessarily be 
critical. To provide a feel for the amount of variation 
to be expected, the site maps delineate overburden 
thicknesses above and below the median thickness. 


A standard panel width of 180 meters was used for all 
single panels. Although panel length is depicted, its 
exact value is left undetermined but assumed to be suf- 
ficient to ensure that,’L 2 1:4h.”° In’all ten’ cases this 
is a realistic assumption. 


Based on case history data, a limit angle (7) of 16 
degrees was chosen for defining D, the distance on the 
surface from the panel centerline to the point where 
subsidence is zero, in Kumar and Singh's equation l. 


The ratio of maximum subsidence found by Kumar and 
Singh in the Indian coal fields, Sxs, to maximum sub- 
sidence predicted by the Subsidence Engineers' Hand- 
book, Ssry, was found to be .65. Therefore, in equa- 
Seton Sn = Sxg-=".65' SsEH: . 


The minimum overburden depth above the panel was used 
to calculate subsidence and strain for the single panels. 
This constitutes a conservative approach for predicting 
subsidence in that for a given panel width, maximum 
subsidence tends to be greater as overburden depth (h) 
decreases (see figure 3). Equation 5 indicates that 
strain can also be expected to increase with decreasing 


The median overburden depth at the site was used to cal- 
culate subsidence and strain over the entire square 
mile site. 


Since it was assumed that all of the coal under 

the square mile was extracted, leaving no barrier 
pillars, the mile width of the sites ensured that the 
critical width was always exceeded and maximum possible 


subsidence (Sm) was always the case, For the analysis 
of the square mile area, critical width, We, was deter- 
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. mined by entering figure 3 with the overburden depth 
and projecting to the x = 0.9 line. The critical width 
is then read off and used to compute wWe/h. wWwe/h is 
used in order to fall within the range of width - depth 
ratios given in figures 5 and 9. 


(9) The data sheets show calculations for maximum tensile 
strains and the strain profiles using the Subsidence 
Engineers’ Handbook. 


(10) The subsidence and strain full profiles are plotted 
for each of the single panels and each of the square 
mile sites. 


(11) The comparison of the subsidence profile generated 
from the Subsidence Engineers’ Handbook to that gen- 
erated by equation 1 depicts the range of subsidence 
to be expected for the given mine geometry between 
areas of weak overburden lithology (SEH) and areas of 
strong overburden lithology (KS). 


(12) The ground surface width defined by projections from 
the points of intersection of the 5 mm/m strain line 
with the strain profile represents that width over 
which surface fissures are most likely to occur. 


(13) Computations for maximum slope along the subsidence 
profile, G, and for height of expected caving, C, are 
also included on the data sheets. 


(14) Swell factors were estimated according to overburden 
lithology. In all cases swell factors were found to 
be lower than for the easier caved, weaker rocks of 
the British Coal Measures. 


(15) Finally, it should begnotedsthat the Locatronsior 
some of the strata disruptions are transitory and 
depend upon the location at a particular point in 
time of the mining activities and their associated 
subsidence. This is particularly true for surface 
water impacts since they occur to a large extent in 
the zone of greatest profile curvature towards the 
outer edges of the subsided area. » For instance, fis- 
sures which have opened above the edge of a trough 
may later close when the mining of a neighboring 
panel (leaving no barrier pillars) effectively moves 
the edge to a new location. 


Following are the detailed analyses of each of the ten sel- 


ected study sites in thick seam coal fields of the westem 
United States. 
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North Park Field 


Mine Data (Single Panel) 


Seam Name: Suddeth 


Extracted Seam Height, m = 4.57. m 
Minimum Overburden Depth, h = 45/7 m 
Panel Width, w= 180m 

Width-Depth Ratio, fhe 0.39 

Swell Factor, g = l. 


Subsidence 
Subsidence Engineers' Handbook (SEH): 


S/m = 0.35 
Maximum Subsidence, Ssey = (.9)(S/m)(m) = 1.44 m 


subsidence fg = 05 |.10 |.20 ec .40 150 |.60 1.70 |.80 |.90 3 1.0 
as S/Ssey 


in Meters 
Distance 
as d/h 


Distance (d 217| 158| 130] 110] 96 
in Meters 


Kumar and Singh (KS): 


Sxs = (.65)(SseH) = -94 m 


D= 221m 


Distance (d) 111] 92|74 |55 | 37] 19 i; 


in Meters 221 | 203] 184] 166] 147} 129 


Subsidence (s}} g | 2] .09| .18| .29| .41| .53| .64] .74| .82 | .88| .92] .94 


in Meters 


89 


Strain 


Multiplier = 1.75 
SSEH/h =  .0031 
Maximum Tensile Strain, +E = (multiplier) (S/h)(1000) = 5.4 mm/m 


Strain as 
e/+E 


Strain (e) 
in mm/m 


Distance 
as d/h 


Distance (d) 
in Meters 


Slope and Height of Caving 
Maximum Slope, G = 2.75 SSEH/h = 0.0087 


Height of Caving, C=m/g-1=2 23m 


Results 


Small surface strains, +E = 5.4 mm/m, are experienced over this mine owing 
to a Tow subsidence to overburden ratio, S/h = .0031. The possibility of surface 
fissures occuring is therefore minimal. Vertical settlement, Ssfy = 1.44 m, and 
slope change, G = .0087, are also small. The impacts on Bostwick Ditch should 
therefore be small. The low aqradient of the ditch may however, cause some ponding 
to occur. Flow through the ditch may also be affected because the lateral extent 
of the subsidence is fairly large and may overlap the bend in the ditch along the 
panel's southwest side. 


Height of caving, C = 23 m, is not extensive and coupled with the fact that 
the strata dips fairly steeply into the subsurface, indicates that groundwater 
impacts will not be large. Surface water is relatively abundant in North Park, 
reducing the necessity for deep wells. Most groundwater is produced from shallow 
alluvium and glacial material which is unlikely to be significantly impacted by 
underground mining activities. 
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North Park Field 


Mine Data (Total Mined Area) 


Seam Name: Suddeth 


Extracted Seam Height, m= 4.5/7 m 
Median Overburden Depth, h = 1053 m 
Area Width, wa = 

Crigical Width, wo = 1200 m 

Critical Width-Depth Ratio, wc/h = 1.14 
Swell Factor, g =1.2 


Subsidence 


Subsidence Engineers’ Handbook (SEH): 


S/m = .9 
Maximum Subsidence, SSEH = (.9)(S/m)(m) = 3.70 m 


Subsidence 0 -05 1.10 £20 |.30 £40 £50 60 270° 38090 yoeee 
as S/Ssey 


Subsidence (s) 

in Meters 0 19) 237] . 74). 2010. 4811.85 122221225912. 96135335 | seoaeem 70 
Distance 

as d/h 


Distance (d) 


fran pace 1337 or 706 | 600 | 548 | 495 | 463 379| 326] 242 


Kumar and Singh (KS): 


SKS. = (.65) (Scey) = 2.41 m 
p= 902 m 


Distance (d) 


inaMatere 902 | 833 Be 694 |624 1555 |486 |416 1347 1278 |208 /139} 0 


Subsidence (s)| 0} .05 | .19 | .40 | .65 |.93 |1.21/1.49]1.75)1.9712.16/2.29/ 2.41 


in Meters | 


a2 


Multiplier = .6 
SSEH/h = .9035 
Maximum Tensile Scra hrs A at (multiplier) (S/h) (1000) _ .0021 = 2.1 mm/m 


Strain as 
a /+E 0 520 1540 


Strain (e) 
in mmn/m labled eet Tels 9 


60° 1.802 .)1. 06 Pi. S00 


Distance 

as d/h Lsede wor Tore-e70 121.65 .56|] .46 
Distance (d) ~ 
Bin tater< 1358 | 916 800 ey) §84 632 590 484 


Slope and Height of Caving 
Maximum Slope, G = 2.75 SseH/h = -0096 
Height of Caving, C=m/g-1= 23m 


Results 


Patterns of overburden depth are primarily controlied by the steep southwest 
dip of the strata. Very small median surface strains indicate that fissuring 
will not be a problem in this area. The ditch system in the subsided area is 
likely to be disrupted. This is the case for three reasons: (1) the Bostwick 
Ditch system is located for a large extent along the margins of the area where 
slope changes are likely to be greatest, (2) amounts of subsidence vary with 
overburden depths which steadily increase southwesterly down the dip of the 
seam, and (3) the very low gradient of the ditch system makes it more sensitive 
to slope changes. Disruption is likely to occur owing to gradient changes and 
also to lateral shifting of tre flow downs lope. 


Groundwater impacts for the total area are essentially the same as those 
described for the sinale panel. 
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FIGURE 30. - Location of single panel panel and total mined area 


analyzed in the North Park Field, Colorado. 


Shaded area indicates depths in excess of 
median overburden depth. 
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Birney - Broadus Field 


Mine Data (Single Panel) 


Seam Name: Knoblock 


Extracted Seam Height, m 


Minimum Overburden Depth, 


Panel Width, w= 180m 
Width-Depth Ratio, w/h = 
Swell Factor, g = 1.1 


Subsidence 


h = 137 


vst 


Subsidence Engineers’ Handbook (SEH): 


S/m = .86 


Maximum Subsidence, SSEH = 


Subsidence 
as s/SSEi 0 05 Ui10 


-20 |.30 


4.57 m 


m 


(.9)(S/m)(m) = 3.54 m 


40. ).50 160 me7O 80 |. 90 t Oo Same 


Subsidence (s)  - 
in Meters BGCGRE =: 1.771 2.12) 2.48) 2 83|-3619).3. somes 


Distance 
as d/h 


Distance (d) 
in Meters [185 | 118) 103 


Kumar and Singh (KS): 


SKS = (.05) (SSeH) agen 
p= 299m 

Distance (d) 

in Meters 129 ; 119] 108 


Subsidence (s) 
in Meters 0 maleis |. al 


89 | 8l 


97 | 86 


~44 |.71 


75 (OF | 64 Bala 52° 9) 4 le ee 0 


fei as, 54 Hr 4d 334.22" eld 1 
1.0 | 1.29 125731 .61| 2.02)2917) 2eevivemae 


96 


Multiplier = .69 
SSEH/h = .0258 


Maximum Tensile Strain, +£ = (multiplier)(S/h)(1000) = 17.8 mm/m 


me Strain as 
a /+E 0 -20 


Strain (a 
Distance 
96 


Distanc d 
Fa nece $4) ) ag5] 128] 112 | 104 


-40, |.60 |.80 {1.0 |.80 Jo 


89 84 70 


Slope and Height of Caving 
Maximum Slope, G = 2.75 Ssey/h = 0.0710. 
Height of Caving, C= m/g-1= 46m 


4 Maximum tensile strain, +E = 17.8 mm/m, is well over the 5 mm/m limit giving 
a good possibility that surface fissures will be opened and some of the flow in 
Pawnee Creek will be jeopardized. Vertical settlement, SsFH = 3.54 m, and surface 
Slope change, G = .0710, are also substantial which may result in accumulation of 
Water or a marshy area during intermittent periods of flow through the subsidence 
trough. Stream courses of the three small feeder streams of Pawnee Creek which 
tranverse the subsided area could change location somewhat. The eastern-most of 
these tributaries has the potential to infringe upon the road running through the 
valley of Pawnee Creek. 


The percentage of large, massive sandstcnes in the overburden aives a 
Swell factor estimate of 1.1 and a considerable height of caving, C = 46m. Over- 
lying water-bearing sandstones and coal beds may therefore be affected through a 
water loss or a change in quality. These effects may show up in the springs 
Which feed Pawnee Creek downstream from the mined area. 
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Birney-Broadus Field 


Mine Data (Total Mined Area 


ee 


— Seam Wane: Knoblock 
Extracted Seam Height, m = 
Median Overburden De th, h 
Area Width, wa = 1609 m 
Critical Width, we = 365 m 
Critical Width-Depth Ratio, wco/h = 1.62 
Swell Factor, g =1.1 

Subsidence 

subsidence Engineers' Handbook (SEH): 


S/m = 
Maximum Subsidence, SSEH = (.9)(S/m)(m) = 3.70 m 


ubsidence ig |.05 |.10 |20 1.30 |40 150 [60 |.70 a0 {90 |.95 fi.0 


j a pebeetet me - 
‘Distance mas 
119 


is 
& 


‘Distance (d) | 339 | 207 |203 |180 158/149 |140 | 131 
‘in Meters 


Kumar and Singh (KS): 


Sxs = (.65)(Scpy) = 2.41 m 
= C47 m 


Distance (d) _ 
in Meters 247 1226 1206 {185 |165 144] 124] 103] 82 62 Al 21 0 


Subsidence (s)} 01|.06 |.22 |.46 |.74 {1.05 ]1.35|1.64 ]1.90 [2.11 [2.27 |2.37 |2.41 
in Meters 


he, 


Strain 


Multiplier = .62 
SSEH/h = .0164 ITC 
Maximum Tensile Strain, +E = (multiplier)(S/h)(1000) = -V4¥6 = +¥-¢ MMM 


20 40 60 |.80 


Distance (d) 
in Meters 


Siope and Height of Cavin 


Maximum Slope, G = 2.75 SspH/h = .0451 


Height of Caving, C = m/g - 1 = 46m 


Results 


Fissurina resultina from tensile strain should not be a problem in areas of 
greater than median overburden since the occurence of surface water in these areas 
is minimal and the amount of strain (10.2 mm/m or less) is relatively small. In 
areas of less than median overburden dpeths fissuring would most likely be a 
problem in the southeast corner of the subsided area. Erosion along Pawnee 
Creek on the northern edae of the area may increase due to vertical settlement 
and increased channel slope. Sediment production may also be slightly increased 
from formerly flat plateau surfaces which will experience some in the slope fac- 
tors of equation 7 alona the northwestern and northeastern margins of the area. 
Deposition will likely occur along Pawnee Creek and its tributaries in the south- 
east corner of the area where gradients are lower and somewhat reduced by subsi- 
dence. 


The more widespread effects on the groundwater media associated with the 


total mined area increases the possibility that the downstream springs on 
Pawnee Creek will be affected. 
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FIGURE 33. - Location of single panel and total mined 


area analyzed in the Birney-Broadus Field, Montana. 


Shaded area indicates overburden depths in excess 
of median overburden depth. 
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Moorhead Field 


Mine Data (Single Panel 
Seam Name: Anderson 

Minimum Overburden Deoth, h = 91m 
Panel Width, w= 180m 


Width-Depth Ratio, w/h = 1.97 


: . 

a Extracted Seam Height, m = 4.88 m 
7 

; 

kK 

Swell Factor, g = 1.2 


“subsidence 
“Subsidence Engineers' Handbook (SEH): 


s/m™ = 0.875 | 
Maximum Subsidence, SEH = (,9){(S/m)(m) = 3,34 m 


“Subsidence | 
Bese, (2 + 20 20 


| 

| 

t= 8 (sont! 
Subsidence (s) 77 (1.15 | 1.541. a 2.302.693 07 |3.46 |3.65)3.84 
in Meters | | | 

| H 


Distance 
as d/h 


50 


.70 ks 


Distance (d) 
in Meters 155 


110 


| 
5peNES 1 | 14 


Kumar and Singh (KS): 


Sxs = (.65)(Ssey) = 2-50 m 
p= 116m 


Distance (d) 
in Meters 


Subsidence (s) 
in Meters 
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Strain 


Multiplier = .80 
SsEH/h =  ..0420 a 
Maximum Tensile Strain, +E = (multiplier) (S/h)(1000) = 33.6 mm/m 


ie 
a ashis fon fon | ae | oe 
105" 2106 94 90 86 


Strain as 
e/té 


Strain (e) 
in mm/m 


Distance 
as d/h 


Distance (d) 
in Meters 


Ihe bias) 


Slope and Height of Caving 
Maximum Slope, G = 2.75 SSEH/h = 9.1155 


Heignt of Caving, C=m/g-1= 24m 


Results 


Most of the thick coal in this field is at shallow depths by the standards of 
underground mining. ‘For this reason, large tensile strains will be the rule as is 
the case for this panel where +E = 33.6 mm/m. It is likely that the lake depicted 
on the map will lose much of its water to open surface fissures as will the inter- 
mittent stream flowing through the canyon. Vertical settlement, SSFEH = 3.84 m, 


and slope changes, G = .1155, should also give rise to Changes in the lakes' depth 
and shoreline. 


Springs issuing from the Anderson seam downslope where the seam is exposed 
in outcrops may experience some change in quality due to the exposure of fresh 
rock surfaces in the caved area of the mine. Impacts should be minimal however, 
and diminish over time. 
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Moorhead Field 


Mine Data (Total Mined Area) 


Seam Name: Anderson 


Extracted Seam Height, m= 
Median Overburden Depth, h 
Area Width, wa = 1609 m 

Critical Width, wc = 250m 


4,88 m 
= 140m 


Critical Width-Depth Ratio, wc/h = 1.79 
Swell Factor, g = 1.2 
Subsidence 
Subsidence Engineers' Handbook (SEH): 
S/m = .9 
Maximum Subsidence, SSEH = (.9)(S/m)(m) = 3.95 m 


Subsidence 0 .05 1.10 |.20 1.30 1.40 1.50 |.60 
as S/Ssey 


Subsidence (s) 


70 |.80 |.90 


-95—+|eu 


Distance 
as d/h 
Distance ( . 
3 reales 224; 155] 140; 126} 118] 112] 106}; 101 
Kumar and Singh (KS): 
KS = (.65) (Sseu) to 7 
D0 = 165 m 
Distance (d) 
in Meters 165° Hilo 138} 124] 110! 96 83} 69 
Subsid 
subsidence (s)/ | .o7 | .24| .49| «73/112 |ie44 es 


106 


95 66 14 


2.03 [2.26 [2.43 [2.53 2.57 


Strain 


Multiplier = .75 
SseH/h = .0282 
Maximum Tensile Strain, +£ = (mutsiolisr)(S/h)(1000) =-9212 = 21.2 mm/m 


Strain as press Fs. 
ts lo e20 0 1, OU ue rsp) 


Strain (@) 
in ommn/m 


Distance 
as d/h 


Distance (d) 
in Meters 


eat 


Slope and Heiaht of Caving 


Maximum Slope, G = 2.75 SsEH/h = «97/6 


Height of Caving, C=m/g-1= @4m 


Results 


Surface tensions are significantly large over the whole area, jeopardizing 
any surface water found along the margins of the subsided area. This would in- 
clude the two Takes found on the northern and eastern marains of the area. The 
small pond located within the subsided area may be damaged or lose a portion 
of its water as the mining progresses underneath it. The shorelines and holding 
capacities of those small lakes along the area margins may also be chanaed due 
to differential vertical settlement. 

Groundwater impacts for the total mined area will be similar to those des- 
cribed for’ the single panel. 
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- Location of single panel and total mined 


FIGURE 36. 


area analyzed in the Moorhead Field 


Montana. 
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Shaded area indicates overburden depths in 
excess of median overburden depth. 
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Northward Extension of the Sheridan Field 


Mine Data (Single Panel 
Seam Name: Wall (Carney) . 


Extracted Seam Height, m = 4.5/7 m 
Minimum Overburden Depth, h = 168m 
Panel Width, w = 160 m 

Width-Depth Ratio, ae wi. U7, 

Swell Factor, g= 1.2 


Subsidence 


Subsidence Engineers’ Handbook (SEH): 


S/m = .83 
Maximum Subsidence, SseH = (.9)(S/m)(m) = 3-41 m 


Subsidence 
as s/Sscy 0 05 [1.107 +20--130_ |.40. 56 (260--1.70 =580 <S0> . Some 


Subsidence (s) 
Distance 


Distance (d) 


in Meters 206 | 126| 107) 99° 1780 © | 974 \66 7/2500 [954 i845" | SaaS 


Kumar and Singh (KS): 


SKS = 4.65) (SsEn)ioeemecen 
D= 133m 


Distance (d) 
in Meters 138| 127 (ta | FL04 eee 81 69 58 | 46 857 1-23 1Z 1 


Subsidence (s) 


Pate ne ool | 4e. (.0G" to 96rd toed lel ilet a [tango ices (oer ene 


tae Pie as 
| 
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Multiplier = .58 
SSEH/h = .0204 
Maximum Tensile Strain, +£ = (multiplier)(S/h)(1000) = 11. mm/m 


Strain as 
0 /+E 0 pA om iSO Reb 1.50) 1120.. 450 eH0 


Strain (e) 
in mm/m 


Distance 
as d/h 


Distance (d 
in pence | 202 -lels7 }°119 | 109 | 101 92 | 85 69 


Slope and Height of Cavin 


Maximum Slope, G = 2.75 SsEH/h = 0.0559 


$ Height of Caving, C = m/g - 1= 23m 
Results 


Although not exceedingly large, 11.8 mm/m, tensional strains are in excess of 
the 5 mm/m limit. The lake shown in the vicinity may therefore lose some water to 
surface fissures. Vertical settlement could also result in the shoreline of the 
lake infringing on the unimproved dirt road to the south. Vertical settlement 
might also increase the amount of water held by the lake. Changes in ground sur- 
face slope, G = .0559, could alter the local behavior of Little Youngs Creek. 
However, the upstream effects on the creek by a local lowering of base level may 
be counterbalanced somewhat by an increased depth of water in the lake. 


The primary effects on groundwater should be localized and minimal. Height 


of caving is fairly shallow, C = 23 m and the Wall coal seam itself, to whatever 
extent it serves as an aquifer, would be most affected. 
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Northward Extension of the Sheridan Field 


ine Data (Total Mined Area 

Seam Name: Wall (Carney) 

Extracted Seam Height, m = 4.57 m 
Median Overburden Depth, h = 229 m 
Area Width, wa = 1699 m 

Critical Width, we = 375 m 

Critical Width- ~Depth Ratio, wc/h = 1.64 
Swell Factor, g = ?.2 

ubsidence 

ubsidence Engineers' Handbook (SEH): 


S/m=. 
Maximum Subsidence, SsSEH = (.9)(S/m)(m) = 3.70 m 


subs idence 0 .05 |.10 1.20 |.30 1.40 1.50 1.60 1.70 |.80 1.90 |.95 [1.0 


| ai 


Distance (d) | 348 | 236 | 211 |188 |174 |165 {156 |147 |137 |126 
in Meters | 


Kumar and Singh (KS): 


SKS = (.65) (Ssey) = 2.41 m 
a 4253 m 


Distance (d) el) hoe 
in Meters 253 | 234 | 214 1195 {175 |156 {136 {117 | 97 5 


Subsidence (s) 0|.05|.19 |.40 |.65 |.93 (1.21)1.49/1.75)1.97)2.16/2.29)2.41 
in Meters | 
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Strain 


Multiplier = .64 
SSEH/h = 0162 
Maximum Tensile Strain, +E = (multiplier) (S/h) (1000) 


~20) 71.40 |.0Usamoe 1.0 . 80 


.0104 = 10.4 mm/m 


Strain as 
e/+E 


Strain (e) | . 
Distance 1.52 Ss .78 .68 
as d/h 


Distance (d)/} 348) 252] 227} 213] 199 179 | 156 
in Meters 


0 0 


0 


| 
| 
| 
| 
| 


Slope and Height of Cavin 
Maximum Slope, G = 2.75 SseH/h = -0444 


Height of Caving, C=m/g-1= 23m 


Results 


The possibilities for fissuring are moderate with the greatest threat being 
in the northeast corner of the subsided area. Increased erosion may occur where . 
stream channel (Little Youngs Creek and tributaries) cross into the area. Depos- 
ition may result where the stream enters the lake in the northeast corner of the 
area. Vertical settlement within the subsided area may change the shoreline and 
storage capacity of the lake. 


Impacts on aroundwater will probably be confined primarily to the Wall coal 
seam aquifer. 
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FIGURE 39. - Location of the single panel and total 
mined area analyzed in the Northward 
Extension of the Sheridan Field, Montena. 
Shaded area indicates overburden derths 
in excess of the median overburden cepth. 
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Fruitland - Fruitland Field 


Mine Data (Single Panel 
Seam Name: Carbonero 
Extracted Seam Height, m = 4.57 m 
Minimum Overburden Depth, h = 91m 
Panel Width, w = 180 
Width-Depth Ratio, Wn = 1.97 
_ Swell Factor, g= il. 
Subsidence 
Subsidence Engineers' Handbook (SEH): 


S/m = 9.875 
Maximum Subsidence, SseH = (.9)(S/m)(m) = 3.60 m 


Subsidence 0 
as s/SSEH 


Subsidence (s) ; 
in Meters Siete oon @/c 11.08 11.44 11.804.2.16 2.54 2.88. 3.24, 3, 44. 3.60 
Distance 
as d/h 1.68}1.19/1.07 


mee wence (d) 154 109! 98| 89| 94/80 | 77 |73 |69 | 65 |58 |50 | 14 


OS 4 104120. |. 30-51, 40 50 ~bU £/079.30 £900. 95. 11.0 


Kumar and Singh (KS): 
Sxs = (.65)(SsEH) = 2-34 


D= 116 m 
pistance {d) | 116 | 107| 97 | a7 | 78 | 68 | 58 | 49 | 39 | 29 | 20 | 10 | 4 
gubsidence (s)) 9 | o¢|.22 |.45 |.72 |1-02|1.31 [1.59 |1.85 [2.05 22h 28 2.34 
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Strain 
Multiplier =  .&0 
94 


SSEH/h = 
Maximum Tensile Strain, +E = (multiplier)(S/h)(1000) = 31.5 mm/m 


Strain as 0 S208 si40° 1.602 Me80 
e@/t+E 


St ain 
Distance i ag 1-26! 1.151 1.09 
as d/h 


Distance (d) 
in Meters 


Lei 02). S0e30 


OG le id. 


Slope and Height of Caving 
Maximum Slope, G = 2.75 SseH/h = 0.1083 


Height of Caving, C= m/g-1= 46m 


Results 


The relatively high subsidence to Overburden ratio, S/h = .0394, of this mine 
creates large tensile strains, +E = 31.5 mm/m far in excess of the 5 mm/m limit. 
The intermittent Young's Lake and surrounding water courses are therefore subject 
to drainage into the subsurface through open fissures. The location of the shor- 
line of Young's Lake may also be changed due to vertical settlement and fairly 
large changes in slope, G = .1083, along the edges of the trough. 


A low swell factor, g = 1.1, owing to hard sandstones in the overburden, gives 
rise to a height of caving of half the overburden thickness. Local water-bearing 
sandstone and coal members of the Fruitland formation therefore have a good likely- 
hood of being altered. These effects however, should be quite localized and minimal 
since no important regional aquifers are involved. 
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Fruitland-Fruitland Field 


Mina Data (Total Mined Area) 


Seam Name: Carbonero 


Extracted Seam Height, m = 
Median Overburden Depth, h 
Area Width, wa = 1609 m 
Critical Width, wc = 220m 
Critical Width-Depth Ratio, wc/h = 2.29 
Swell Factor, g = 1.1 


7m 
6 m 


4.5 
= 9 


Subsidence 
Subsidence Engineers' Handbook (SEH): 


S/m =" 9 
Maximum Subsidence, SSEH = (.9)(S/m)(m) = 3.70 m 


Subsidence |g  |.05 [10 |.20 30 40. [S08 60 vo ae 
as S/SsEH | | 


Subsidence (s) | | | 
in Meters 1% .37) J74 LTTE 438i aaieeereeoe 


|2.96|3.33]3.52) 3.70 
j 


waa 1858136 | als 1.09 asf) | 98! .80|.72 | .27 
| 


Distance (d) | 


178} 131) 119 (109 7105 | 1Ol |} 9791993 SSR SGs55 (977 Ose eee 


in Meters 


Kumar and Singh (KS): 


SKS) (.65)(Sceu) = 2.41 Mm 
D= 138 m 


Distance (d) 


see te 115 | 103 @ 80 |69 |57 |46 |34 |23 | 11 


138th 126 


Subsidence (s) O} .06 3 522 sea 6s esas 
in Meters 


Yl O4(T 9012112. 2h ease cee 
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Multiplier = .8 
SseH/h = - 0385 | 
Maximum Tensile Strain, +E = (multiplier)(S/h)(1000) =.0308 = 30.8 mm/m 


Strai 
zy Ise. 20m 80 60" 80: 14"0. |.80 


Strain (e) 
in mm/m 6F 16.) ei2 6118. 54i2456130.8 - 124.6 
Distance 

T/ Oust 137 


Distance (d) 
in Meters 


NE og ES 107 |97 


Slope and Height of Caving 


Maximum Slope, G = 2.75 SseH/h = -1059 
Height of Caving, C = m/g - 1 = 46 m 


‘Results 


Large surface strains associated with the total mined area will present 
a fissuring nazard to surface water. The two lakes located within the area 
Siare intermittent. Youngs Lake will be subject to fissuring effects as the 
jmining activity progresses under it but should be relatively free from that 
hazard once the mining reaches its outer limits. The lake on the western mar- 
gin of the area willbe jeopardized over the long term by open fissures after 
mining is complete. Increases in slope around the margin of the subsided area 
will result in increases in the slope factors of equations and thereby increases in 
sediment transport into Youngs Lake. 


Groundwater impacts over the total mined area are similar to those des- 


cribed for a single panel. Surface fissuring creates the possibility for in- 
creased groundwater recharge down to the depth of the fissures. 
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FIGURE 42. - Location of single panel and total 
mined area analyzed in the Fruit- 
land-Fruitland Field, New Mexico. 
Shaded area indicates overburden 


depths in excess of median overbur- 
den depth. 
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Kemmerer Field 


Mina Data (Sinale Panel) 


Seam Name: Adaville No. 1 
Extracted Seam Height, m= 4.88 m 
Minimum Overburden Depth, h = 3 
Panel Width, w= 180 m 
Width-Denpth Ratio, w/h = 0.59 
Swell Factor, g= 1.2 


Subsidanca 


Subsidence Engineers’ Handbook (SEH): 


imum Subsidence, Ssey = (.9)(S/m)(m) = 2.59 m 


9) 05 a, 10 ae 


Subsidence 
as S/SSEH 


{ 
} 

Subsid (5)] | | 

ubsidence (s | | 

Hae ai O | .13} .26| .52] .78]1.04/1.30 11.55 [1.81 2.07 2.33 P. 
| | 
| | | 
| 


| ! 
. 30 40 50 60 
| 
| 


Distance (d) 


in Meters 3051 49 | 40 27 | toe 
Kumar and Singh (KS): 
Sxs = (.65)(Ssey) = 1.68 m 
Dey em 
| | 
Distance (d) | | 
in Meters 1/7) 163 |S148s T3sb eS on 89 74; 59 45 30 15 i 
| 
Subsidence (s | 
Tee ne (s) 0} .04)~. 16"), SoZ 5a Svs (a Seeler5 il. ool. 46. 191.59 166 eee 
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Multiplier = .79 


Maximum Tensile Strain, +E = (multiplier) (S/h) (1000) = 6.7mm/m 


Strain as 
e/+E 0 BCU alata EGU 1) Ved) 


Strain (e) | 

in mm/m 5.4 | 0 
: i 
4 Distance | 
“| as d/h wag “lia le ao 3 30 
‘ 

x 


Distance ( | 
Sin ee ° 300] 189] 168} 136] 120] 102] 90 | 67 
| 


-80 {0 


Slope and Height of Caving 
Maximum Slope, G = 2.75 SsfH/h = 0.0234 


Height of Caving, C=m/q-1= 24m 


Results 


High overburden depths minimize the possibility of surface fissures occuring 
Over this panel (+E = 6.7 mm/m). Vertical settlement, SsSEH = 2.59, and slope al- 
ternations, G = .0234, give some possibility for ponding due to the relatively 
Shallow slope of the intermittent stream flowing over the subsided area. The like- 
lyhood of significant surface water impacts occuring however, is minimal due to 
the absence of any significant surface water resources. 


Caving will be confined to the Adaville formation, C = 24 m, but groundwater 
impacts should be minimal because the mine occurs just to the west of the upturned 
edges of strata which dip rather steeply into a synclinal basin to the west. What 
water is taken in along these edges and passes throuch the mined area flowste great 
depths in the subsurface and so is unlikely to be a source of available water unless 
tapped by a well close to the western edge of the panel. 
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Kammerer Fiela 


ine Data (Total Mined Area 

Seam Hame: Adaville No. 1. 
‘Extracted Seam Height, m= 4.8 
Median Overburden Depth, h = 4 
Area Width, wa = 1609 m | 
Critical width, wc = 600 m 
Critical Width-Depth Ratio, we/h = 1.44 

Swell Factor, g = 1.2 

ubsidenca 

Subsidence Engineers’ Handbook (SEH): 

S/m= .9 

Maximan Subsidence, SSEH = (.9)(S/m){m) = 3.95 m 


as S/Sspy 


Mesroence =|) |.05 1.10 1.20 130 L40 150 L6o 170 [80 190 ee 11.0 
| 
Beye 3,95 


Distance 


has d/h 
Distance (d) bs | 
Be Meters 594| 389) 343) 301] 276| 259| 242 | 226 | 209 | 188 | 155 121 g 


| Kumar and Singh (KS): 


Sxs = (.65)(Ssey) = 2.57 m 
D= 420 m 


| Distance (d) 
. in Meters 420} 385! 350} 315} 280) 245 | 210} 175 
| 


| Subsidence (s)| 9/ 97] .24| .49| .79 (1.12 [1.44 [1.75 [2.03 2.26 2.43 2.53 [2.57 
} in Meters 


10) 107° 704" 35 0 


) 
} 
; 

; 

7 

; 

' 
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Strain 


Multiplier = .6 
SSEH/h = - 9094 
Maximum Tensile Strain, +E = (multiplier)(S/h)(1000) = 5.6 mm/m 


Strain as jg |.20 |.40° |. ; i 
oe 60°" 15802 1120"="1- 80" 46 


Strain (e) . 
3 is wa 2a 6 Sas ee 
Distance 

ee is of 8 7) nf a - 


pire eae 594] 418 | 372 | 347} 322] 301 | 284] 242 


Slope and Height of Caving 
Maximum Slope, G = 2.75 SsEH/h = .9260 
Height of Caving, C=m/g-1=2= 24m 


Result 


Patterns of overburden depth are primarily determined in this area by the 
steeply westward dippina nature of the strata. Low tensile strains throughout 
the mined area are unlikely to result in fissurinag. Slope changes may cause 
increased erosion alona the northern edge of the subsided area and some depos- 
ition and pondina in the southeast corner of the field. The small holding pond 
on the northern edae of the field may be disrupted because of its location along 
the sloping margin of the subsided area. The small intermittent tributaries 
Flowina along the eastern edae of the area could shift laterally down the 
trouch slope toward the interior of the subsided area. The slope factors in 
equation 7 may be increased along the western edae of the area giving laraer 
overland sediment production. 


The discharae of the spring located on the eastern edge of the area may be 
altered due to its location. 
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-T20N 


R1L17W Contour intervals 20 feet 


FIGURE 45. - Location of single panel and total mined 
area analyzed in the Kemmerer Field, Wy- 
oming. Shaded area indicates overburden 
depths in excess of median overburden depth. 
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Gillette Field 


Seam Name: Wyodak 


Extracted Seam Height, m= 12.19 m 
Minimum Overburden Depth, h = 107 m 
Panel Width, w = 180 m 

Width-Depth Ratio, w/h = 1.69 

Swell Factor, g = 1.2 


ba 


_ Subsidence Engineers’ Handbook (SEH): 
S/m = .87 

ps Maximum Subsidence, SseH = (.9)(S/m)(m) = 9.54 m 
\ 


peusigence jo 405 |.10 .20 430 |.40 |.50 |.60 170 180 190 |95 ht.o 


a 

fs 

_ Subsidence (s) 

in Meters 951 1.91) 2. 86) 3.821 4.7715.7216.68| 7.6318.59 9.54 
Distance ‘ = 


Distance (d) 
in Meters 65%) L134) 1014-91)" [84 12-891. .76 7” Dy | dnl goes tO 8 


Kumar and Singh (KS): 


Sxs = (.65)(SsEH) = 6.20 m 
hee ¥1Z21«m 
Distance (d) | 
in Meters 121}; 111; 100 90 80 70} 60; 50} 40; 30; 20 10 1 


Subsidence (s)} 9) 46) .58/1.19]1.92/2.71)/3.50|4.25/4.9215. 46 [5.87 /6.1216.20 
in Meters 


Slope and Height of caving 
Maximum Slope, G = 2.75 SseH/h = 0.2859 
Height of Caving, C=m/q-1= 61m 


= 
~ 


{TAyP 


Results | 

The extreme thickness of coal in the Nyodak seam coupled with shallow o i~ 
burden depths qive rise to maximum impacts on whatever water resources may 
close proximity to the mine. Extremely large tensile strains, +£ = 71.6 a 
are generated over this mine, assuring that fissures would be opened and they —_ 
would extend for significant depths into the subsurface. If significant surface © 
water resources were present over this mine, larae impacts would result. As it. os, 
the intermittent water flowing through the channel above the panel will,in all 
likelyhood, be diverted into the subsurface. The large amount of vertical settle- — 
ment, SSEH = 9.54 m, may intercept the groundwater table, giving rise to standing 
water within the trough. Very larae chanaes in slope, G =.2459, will also af- 
fect surface drainage over the affected area. 


Caving, C = 61 m, will extend for over half the overburden depth and no 
doubt intercept many of the overlying water-bearing coal and sandstone layers 
of the Fort Union formation. Wells tapping these layers on the up-aradient side 
of the mine may experience losses in flow due to drainage into the caved portion 
of the mine. Down-gradient wells may experience quality as well as quantity 
chanaes owing to flow of aroundwater across freshly exposed mineral surfaces. 
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Gillette Field 


Mine Data (Total Mined Area) 


Seam Name: Wyodak 


Extracted Seam Height, m = 
Median Overburden Depth, h 
Area Width, wa = 1609 m 
Critical Width, we = 227 m 
Critical Width-Depth Ratio, we/h = 1.96 
Swell Factor, g = 1.2 


12.19 m 
= 116 


Subsidence 
Subsidence Engineers’ Handbook (SEH): 


S/m =..9 
Maximum Subsidence, SSFH = (.9)(S/m)(m) = 9.87 m 


Subsidence 0 


.05 110 120 +30 40 150 160 


70 |.80 |.90 |.95 {1.0 
as S/SsFy 
| 
Subsidence (s) | 
in Meters ee SL -99 11.97 | 2.96) 3.95) 4.941 5.92! 6.91) 7.90] 8.88] 9.38 9.87 
. | 
ee 1.6811.19 11.07 10.97 | 0.92! 0.88} 0.84] 0.80] 0.76] 0.71] 0.63) 0.55 0.14 
as 


Distance (d) Be 138] 124] 113 | 107 | 102 | 98 | 93 | 88 
in Meters | 


Kumar and Singh (KS): 


Distance (d) 
in Meters 


Subsidence (s) 
in Meters 
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train 


Multiplier = .75 
SSEH/h =.0851 
Maximum Tensile Strain, +E = (multiplier)(S/h) (1000) = 63.8 mm/'m 


Strain as 
a /+E 0 .20 2 d 3 ; 0 


Strain (e) 


in mn/m 

Distanc 

a, pias fas 131111. 0s 120 

Distance (d 
in perce | ) oer raat ¥36 4 T2098) 122 190 
e and Height of Cavina 


Maximum Slope, G = 2.75 SseH/h = .2340 
Height of Caving, C = m/g -1= 61m 


| Results 


‘eS This mine presents a good example of the large strata disruptions associated 
with the combination of a very thick seam and relatively thin overburden. Very 
"large tensional strains give an excellent possibility that fissures will open and 
>close throughout the mined area as the mining progresses. Over the long term, fis- 
—Sures will remain open along the margins of the area. The small intermittent pond 
in the southwest quarter of the area will probably cease to function. Large ver- 
tical settlements may result in intermittent ponding where channels cross the 
‘Margins of the area. Areas where settlement results in increased slope factors 


will experience increased sediment production. 


Groundwater impacts will extend into over half of the overburden thickness 
throughout the mined area. Groundwater impacts over the total mined area will be 
Similar to those described for a sinale panel. 
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R71W . Contour intervals 20 feet 


FIGURE 48. - Location of single panel and total mined 
area analyzed in the Gillette Field, Wy- 
oming. Shaded area indicates overburden 


depths in excess of the median overburden 
depth. 
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Mine Data (Sinagls 


Seam Name: Castleaate A 


5 


Extractad Seam Height, m= 4.5 


7m 


Minimum Overburden Deoth, h = 122m 
sha 


Panel Width, w= icU m 
Width-Dapth Ratio, w/h = 1.48 
Swell Factor, g = 1.1 


Substdenca 


Subsidence Engineers’ Handbook (SEH): 


S/m = 0.865 A 
Maximum Subsidence, Ssey = (.9})(S/m){m) = 9-99 7 
: { | | H 
Subsidence | fl ne aq | ope enaaee 80 |.80 L70 Leo bso bos ho 
as $/SSEH Uw \ 2 j } ; | \" ‘e l wy te I° Be", 4 VY 
[= eal ee Me Ao Ces, 
| | | | Pees | 
Subsidence (s) | | | 
in Meters 0| aa 36 |. 70 11-07 (le 42 dereres 1a panes 3.20 |3.38) 3.56 
| | | | 
Distance | | | | | | 
as d/h }1.45| .96] .851 .75|/.69}..65)=61 | 67 | 9631028 | 40} 329 aaa 
| | | | 
| | | 
ira At | 177 120d emot si 19) 74; 69) 65] 59/49 |39 | 4 


Distance (d) | | 
in Meters i275 114| 1033 92 


Subsidence (s) 


in Meters OL 247869 


81} 70} 59} 48 377.203) 5. eee 


7811.09] 1.40 1.69 1.93}2.12/2.2512.3112.31 
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Multiplier = ./0 
Bsen/sn=—..0292 
Maximum Tensile Strain, +£ = (multiplier)(S/h)(1000) = 20-4 mm/m 


- 


Strain as 
e/tE 


Strain (e) 
in mm/m 


ey 
- 


Distance 
as d/h 


“ SR ee ee eT 7 


Distance (d)| 177] 126 | 112 | 105 
in Meters 


ve" wt. ae: 


Slope and Height of Caving 


Maximum Slope, G = 2.75 SseH/h = 0.0803 
Height of Caving, C=m/g-1= 76m 


Results 


Maximum tensile strain over this time is fairly high, +E - 20.4 mm/m, so that 
the possibility exists that some of the intermittent flow through Bear Canyon may 
be diverted underground through open fissures. Vertical settlement, Ssey = 3.96 m, 
and slope change, G = .0803, may also give rise to some ponding in the subsided 
portion of the canyon. Overall surface water effects will be relatively minor since 
the subsidence is located so high up in the drainage. 


Caving, C = 46 m, will not reach above the Blackhawk formation and therefore 
will not affect the primary water-bearing formations of the area. If local changes 
in water quality within the Castlegate A seam occur, the downslope effects such 
as seepage into the Price River should be a minimal part of the total changes in- 
‘duced by extensive mining in the area. 
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80 1.90 |.95 {1.0 


2.04 


“alae 


516) 352] 315} 282) 261} 248} 235] 221 | 208} 194 | 164; 137; 24 


imar and Singh (KS).: 


Sk = (.65)(Scpy) = 2-41 m 
D= 376 m 


Jistance (d) | 
in Meters BG 340) io bo-leeGedseoinp-eige 188:}/157 } 125 |}.94 163 133 | 0 


Subsidence (s) 22| .46| .74 [1.05 1.35 1.64 1.90 2.11 12.27] 2.37 2.41 


Meters 0 |.06 


141 


BYE Pate anacan 


pospsapse - 


Strain 


Multiplier = .67 


SSEH/h =  .0110 
Maximum Tensile Strain, +E = (multiplier) (S/n)(1000) = -9074 = 7.4 mm/m 


ERS 


Slope and Height of Caving 
Maximum Slope, G = 2.75 SseH/h = -0304 


Strain as 
e/+E 


Strain (e) 
in mm/m 


Distance 
as d/h 


Distance (d) 


in Meters 234 


Height of Caving, C=m/g-1= 46m 


Results 


Because of large differences in overburden depths, surface strains show 
wide variations throughout the mined area. The laraest potential for surface 
fissuring occurs in the vicinity of Bear Canyon in the northeast corner of the 
area. Elsewhere, impacts on surface water should be limited given the general 
lack of surface water bodies in the subsided area. Since subsidence tends to 
be less in areas of thicker overburden, there may be a cumulative increase in 
Slopes from areas of thick overburden toward areas of shallower overburden. 
The resulting increases in the factor S of equation 7 may qive increased sed- 
iment production. 


Groundwater impacts over the total mined area are not dissimilar from 
those impacts described for the single mined panel. 
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Contour interval 40 feet 


FIGURE 51. - Location of single panel and total mined 
area analyzed in the Book Cliffs Field, 
Utah. Shaded area indicates overburden 


depths in excess of the median overburden 
depth. 
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Kaiparowits Plateau Field 


Mine Data (Single Panel 
Seam Name: Christensen 


Extracted Seam Height, m = 7.62 m 
Minimum Overburden Depth, h = 122 m 
Panel Width, w= 180 m 

Width-Depth Ratio, WT 1.48 

Swell Factor, g = 1.2 


Subsidence 
| Subsidence Engineers’ Handbook (SEH): 


S/m = .87 
Maximum Subsidence, Ssey = (.9)(S/m)(m) = 5.97 m 


“Subsidence | 
as s/SSEH 0 Bei Ose eUor Sue 40. £50. 1.60 1.70 1.80" 1.907 1.95 |1.0 


 bsidence (s) | 

a, Meters a, 30 1.19 }1.79} 2.39 2.99) 3.58) 4.18) 4.78) 5.37) 5.67) 5.97 
- Distance 

mas d/h . 


Distance ( Fe 
in ee Tel Pi lOat ey GP 8h 1 e799 | 174 a 65} 59 | 49 | 39 4 


, 
f 
[? 
Fe 


Kumar and Singh (KS): 


Sxs = (.65)(SsEH) = 3.88 m 
D= 125m 


| Distance (d) |195 | 415/104] 94] 93| 73] 621 52] 42] 31] 21] 10] 1 
| in Meters 


Subsidence (s)} | 19! .36| .74 | 1.20] 1.69] 2.18] 2.65] 3.07) 3.41| 3.67| 3.83] 3.88 
in Meters 
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Strain 
Multiplier =-75 


SSEH/h = .0489 
Maximum Tensile Strain, +E = (multiplier)(S/h)(1000) = 36.7 mm/m 


Strain as ) .20.- 1.40° |260°°4.80* 11.0 ssl280; 10 
e/t+E 


Strain (e) 
Distance 


Distance (d) 
in Meters 77). T2677 daee05 98 91 84 74 


Slope and Height of Caving 
Maximum Slope, G = 2.75 SseH/h = 0.1347 


Height of Caving, C=m/g-1= 38m 


Results 


A high subsidence. to overburden ratio, S/h = .0489, gives rise to extremely 
high tensile strains, +E = 36.7 mm/m, creatina the distinct possibility that the 
intermittent flow in Horse Spring Canyon will be drained into the subsurface 
through open fissures. The large amount of vertical settlement, SSEH = 5.97 m, 
should also give rise to a local depression and the possibility of ponding in 
Horse Spring Canyon of whatever water escapes the fissures. 


Height of caving, C = 38 m, will most likely not extend above the John Henry 


member of the Straight Cliffs formation. Primary effects will be to the coal seam 
itself but little is known about its extent or usefulness as an aquifer. 
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Kaiparowits 


Mine Data (Total Mined Area) 


Seam Name: Christensen 


Extracted Seam Height, m = 
Median Overburden Depth, h 
Area Width, wa = 1609 m 
Critical Width, we = 325 m 
Critical Width-Depth Ratio, wc/h = 1.53 
Swell Factor, g = 1.2 


Subsidence 


Subsidence Engineers’ Handbook (SEH): 


S/m 229 
Maximum Subsidence, SSEH = (.9)(S/m)(m) = 6.17 m 


Subsidence 0 .05 1.10 120 L130 Lao |.50 L60 1.70 Lao |.90 |.95 [1.0 
as S/SSEY 


Subsidence (s) 
in Meters .62 11.23 |1.85 [2.47 13.09: 13.70 4.32 4:94 6.55 S286 joan 
Distance 


Distance ( 
Py vores 311 |°207} 183) 162) 1491 141 (see 2ae 1 Sees | eee 6 


Kumar and Singh (KS): 


avs = (.65)(Ssey) = 4.01 m 
D= 224 m 


Distance (d) 
in Meters 224 1205 |186 168} 149:1 930 W112) ee 9st os mep trees 19 0 


Subsidence (s) 
in Meters O f10 1.37 1.77 (1.244170 75 12.26,12.74 13. 17iis 202s ooo oo 


148 


Multiplier = .5 
SSEH/h = .9290 


Maximum Tensile Strain, +E = (multiplier) (S/h)(1000) =-0174 = 17.4 mm/m 


[of 24] ro fina [no fin fin 


Strain as 
e/+E 


Strain (e) 
in mm/m 


Distance 
as d/h 


Distance (d) 
in Meters 


Maximum Slope, G = 2.75 SsSEH/h = .0798 
Height of Caving, C= m/g-1= 38m 


Results 


Relatively hiah tensile strains over the whole mined area due to shallow 
“overburden and a thick seam create the possibility of fissuring around most of 
the margin above the mined out area. Partial loss of flow through Horse 
Spring Canyon and part of its tributaries could result. Ponding is unlikely 
in portions of the subsided area other than over the representative single 
panel. Increased erosion may occur on the western and southern edges of the 
subsided area where stream gradients are increased. Corresponding deposition 
may occur along the eastern edge in Horse Spring Canyon. 


Groundwater impacts will be similar to those experienced by the single 
panel but spread over the entire square mile area. 
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FIGURE 54. - Location of single panel and total 
mined area analyzed in the Kaiparo- 
wits Field, Utah. Shaded area in- 
dicates overburden depths in excess 
of median overburden depth. 
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Wasatch Plateau Field 


Mine Data (Single Panel) 


Seam Name: Hiawatha 


Extracted Seam Height, m= 6.10 m 
Minimum Overburden Depth, h = 335 m 
Panel Width, w= 180m 

Width-Depth Ratio, w/h = 0.54 
Swell Factor, g = 1.1 


Subsidence 


Subsidence Engineers’ Handbook (SEH): 


S/m = 0.59 
Maximum Subsidence, SseH = (.9)(S/m)(m) = 3.24 m 


Subsidence ; 
as s/Ssru 0 205 sil 


Subsidence (s) 
eae 97 | .59) 47 | .34| .29)0-255| ee eets | ste aled2 0 
as d/h . oF]. . ° . : ‘ 2 

(d) 


Distanc 
in care 325 | 198 | 158 


~.20 1.30 140) - 50560). /Ov a 60S.00" loonie 


114) 97:)° 84) 70318 60°) 50° 405. 27a gcse 


Kumar and Singh (KS): 


Sxs = (.65) (Sscpjisteet iam 
p= 186m 


Distance (d) 
in Meters 186 14170879154 | TSBeeIZ2aI2106 90 74 58 42 26 19 1 


Subsidence (s) 0} .06 |P.21 | As a OG SOs ui comes ola 2 


in Meters 


V.90) 2.0212. 09 sae 


Hay 


train 
| Multiplier = .80 


~ SSEH/h = .0097 
Maximum Tensile Strain, +E = (multiplier)(S/h)(1000) = 7-8 mm/m 


Strain as 
e/4E 0 20-1540 1-60 - |: 80-11 015 80-10 


Strain (e) 

in mm/m 1860163 Hahei 86.2) 7.8 pepe | 2 
Distance 

as d/h .97 -61 iy eh! (== Aad era Se nee oe 


Distance (d) 

in Meters $25) 2051. 1711, 244) ery 107) 941270 
Slope and Height of Caving 

Maximum Slope, G = 2.75 SsEH/h = 0.9266 

Height of Caving, C = m/g- 1= 61 ™ 


Results 
The low subsidence to overburden ratio, S/h = .0097, for this mine results in 
“small maximum tensile strain, +E = 7.8 mm/m, and little likelihood of surface fis- 
/sures opening to drain surface waters from the Left Fork of Cedar Creek. Some 

| change in surface slope, G = 0266, is to be expected but it should have little im- 
| pact since the panel is located so high up in the drainage and surface slope is 


| fairly steep to start with. 


f 


stone, North Horn formation, Price River formation, or the Castleaate sandstone. 
| Possible groundwater effects should therefore be limited to the Blackhawk forma- 
| tion and specifically to the mined Hiawatha seam. Minor water quality effects may 
be felt downstream through seepage ¢nto the Left Fork of Cedar Creek but will likely 
| be overshadowed by the effluents from the Mohriand Mine. 


| Caving, C = 61 m, will not reach up into the water-bearing Flagstaff lime- 
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Wasatch Plateau Field 


fine Data (Total Mined Area 
Seam Name: Hiawatha 


Extracted Seam Height, m= 6.1 
Median Overburden Depth, h = 34 
Area Width, wa = 1609 m 
Critical Width, wc = 580m 
Critical Width-Depth Ratio, wc/h = 1.67 
Swell Factor, g = 1.1 


Subsidence 


|) Subsidence Engineers' Handbook (SEH): 


S/m= .9 
Maximum Subsidence, SSEH = (.9)(S/m)(m) = 4.94 m 


| Subsidence ) S05) -r0 —b 2097-30-40 150 160 1:70 80.nb903 &95+41.0 
as S/Ssey 


Bisunsic 
"Distance 
4 as d/h £205, | 1.06 


| Distance (d) 
in fee 538 | 368 | 330 | 295 | 274 | 260 {246 | 233 219122011 1/4 


146; 24 


Kumar and Singh (KS): 


Sxs = (.65)(Scey) = 3.21 m 
D= 390 m 


Distance (d) 


7 2 
in Meters rO2.1130) 197 1+..65 4°53 0 


890 1.357 | 325%) 292-1260 }-227~|-195 


Bee idence (s) 5412.82|3.04/3.17|3.21 
epee a| 08 | .3 | -61 |.99 /1.4 |1.81|2.19}2.54)2.82]3.04)3.17/3. 
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Slepe and Height of Caving a 
Maximum Slope, G-= 2.75 Sseu/n = -0391 
Height of Caving, C = m/g - 1 = 61m ; 


Results 7 ; | ae ii 


Surface strain is low over the mined area due to generally high overb 
thicknesses. Differential amounts of vertical settlement going from areas 
less to areas of more overburden may result in increases to the slope factors 
equation 7 and therefore to increased overland sediment production. Ponding 
occur at the discharge point of Mud Spring due to significant vertical settlement 
within the subsided area. i; 


Groundwater impacts over the entire mined area will be similar to those des- 
cribed for the single panel. Changes in gradient within the subsided area may +o 
alter the discharge of Mud Spring. cA 
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FIGURE 57. - Location of single panel and total 


mined area analyzed in the Wasatch 
Plateau Field, Utah. Shaded area 
indicates overburden depths in ex- 
cess of the median overburden depth. 
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Legal Aspects 


_ The water laws in the seven western states considered in 
Seis study are all quite similar in nature, as they all are 
based on the doctrine of prior appropriation. Unlike riparian 
‘doctrine, where a landowner has the right to "the natural flow 
mf the water of a stream running through or along his land, in 
its accustomed channel, undiminished in quantitiy and unimpared 
ma quality’ (53), the doctrine of prior appropriation provides 
‘that the one "who first diverts and applies the waters of a 
metream to beneficial use has a prior right thereto, to the ex- 
Senior nis, appropriation” (53). This doctrine of prior appro- 
Bpriation arose from the customs of the gold miners in the 1800's. 
The scarcity of water in the west and the fact that mining gold 
required large quantities of flowing water (to wash the gold 
from the ore) resulted in the recognition by the informal court 
moc the miners of the "first come first served" principle. fhe 
Mefirst Miner on a stream had first right to the available water. 
'These appropriative rightsto water on federal lands (almost all 
the mining claims were made on federal land) were recognized 
by federal laws in 1866, 1870, and 1877 (54). 


i. The individual states in the study area have since gone on 
) to promulgate their own laws and regulations governing appropri- 
ations. These laws prescribe the manner, amounts, and uses to 
which water may be put (55). The laws also provide for the pro- 
tection of water rights, Since they are considered rights of 
property. Groundwater in these seven states is also treated 
under the same prior appropriation doctrine. 


In dealing with the legal ramifications of the hydrologic 
impacts of subsidence one must first consider the possible ad- 
verse impacts, such as: 


(1) Changes in surface water flow patterns 
(2) Decreased surface water flow 

(3) Lowering of the groundwater table 

(4) Pollution of ground and/or surface water 


In general, a person holding appropriative water rights 

may invoke his rights of protection "against acts of persons 
holding lesser rights, or without cisntyechate result? intmacrer- 
ially diminishing the quantity or depreciating the quality of 
the water for his proper purposes, or that interfere with the 
Streamflow at the times he is entitled to afew b (56). Im, Addition 
"his right of protection may also be invoked against the acts 

of those with equal rights, or even against those with greater 
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rights (36). This statemene in effeet, would give grounds 

for a person to sue for damages if any of the above impacts 

due to subsidence infringed on that persons" water rights. Con- 
cerning water quality alone, a person is entitled to his ap- 
propriated amount of water in such estate of natural. purity 

as to su dstantially fulfiil the: purposes. for which, his appro- 
priation was made" (56):.. In all-seven western states in the 
study area, it is up to the owner of the water rights which 

have been affected to prove who caused the damages and the 
extent of the damages before any retribution can be made. 

Tf it is. deemed by the courts _taat a,person. has. suttered 
damage to: his water.rights,due-to the ectionms of another part 
(such as a mining company causing subsidence) there are a number 
of legal remedies whicn may be invoked. Im general, a person 
may be granted an injunction or compensation for damages. © Com- 
pensation for damages mav be in the form of some monitary set- 
tlement or the party causing the damages may be forced to pro- 
vide water from another source. The following court cases deal 
with such incidents 

(1) Rogers versus Nevada Canal Company, 60 Colo. 59, 

64, 151. Pace ee 


(2) Tucker versus. Missoula baehe and Byes ooupan wae, 
Montana, 91, 97-99. 250" Face ie Ulo2oe 


(3) Grand Valley Irrigation Company versus Lesher, 
28 Colo. “2/39 2045 6o mee coe eee 


other aspect in any water rights consideration is that the 
USS. OF lt camo Surface Mining's reclamation and enforcement reg- 
ulations are designed to minimize the impacts of underground coal 
mining on hydrology. The current regulations state that, "under 
ground mining activities shall not be conducted beneath or ad- 
jecent to any perennial stream, or impoundment having a storage 
volume of 20 acre-feet or more unless the regulatory authority... 
determines that subsidence will not cause material damage to 
streams, water bodies and associated structures (9 /)e ineacdis 
tion, mining "beneath any aquifer that serves as a a signifi- 

cant source aps water supply to any public water system shall 

be conducted so as to avoid disruption oracnemaduicer an Oye 
Section 817.52 of the regulations requires ground and surface 
water monitoring around an underground mining site. Such moni- 
toring is designed to predict and prevent adverse impacts to 

the hydrologic system in the area of the mining. This monitor- 
ing data might also be used to determine if water rights in- 
fringements have occured. 


160 


SECTION VI 


CONCLUSIONS. AND. RECOMMENDATIONS 


Conclusions 


Thick Coai Seams in the Western United States 
Of the seven western states surveyed, Montana, Colorado, 
pWyoming, New Mexico, and Utah were found to have underground 
Mineable coal seams which are 15 feet or more thick. The fields 
an Colorado and Utah will probably be the first to be mined us- 
ing underground thick seam methods, whereas many of the fields 
in Montana and Wyoming contain coal beds which can be surface 


mined first. 
Foreign Literature 


No complete case histories were found which directly ad- 
dressed all of the study criteria, namely underground total ex 
traction mining of thick coal seams and the consequent hydrolo 
Siceimpacts. The British literature contained, by far, the mo 

m 
n 


<= 
directly applicable, useable information. Other useful inform 
tion on various aspects of subsidence due to underground mini 

and its effects on hydrology was found from a number of additi 
al countries. These countries included primarily India, Yugo- 
slavia, New Zealand, and Australia. 


Effects on Hydrology 


Table 4 lists the parameters associated with each of the 
ten square mile areas and ten single panels. [In the analysis 
of both the single panels and the square mile sites, it was 
found that the largest strata disruptions, and consequently hy- 
drologic impacts, occured when large extracted seam thicknesses 
were coupled with shallow overburden depths. 


Figure 58 is a graph of maximum profile slope, G, versus 
the extracted seam thickness to overburden depth ratio, m/h. 
As can be seen, a log-log plot of these variables shows a strong 
linear relationship. The circled points indicate those single 
panels where w/h was considerably less tian critical So that 
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OL .10 


m/h 
e- Total mined area 
o- Single panel 
FIGURE 58. - Maximum profile slope, G, versus extracted 


seam thickness - overburden depth ratio, m/h, 
for the ten analyzed sites. 
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nan Sm in equation 3. 


(Dp 


won Was Significantly less t 


. Figure 59is a plot of maximum tensile strain, +E, versus 
ies Here to, the log-log plot ae a good linear relationship 
indicating that, for the analvzed sites, +E increases directly 

with m/h. 

AS shown by equation 8, height of caving, C, is directly 
proportional Loethe “swell “Tractors re: Cris! particularly sensi- 
Meave tO ¢ in that a increase in g can result in doubling of 


Gy . 


Gt -@ th 2 
ry 


C for a given value 
mimecapbe. 4)... For th 
Pdoubt, g should be e 
of safety. 


m (note N eneh Park versus Big -Broadus 


Maximum subsidence and the subsidence profile were found 

to be a function of the panel width-depth ratio within a given 
overburden lithology. The methods used to compute SsfH and the 
Bee profile were based on empiricai data from the British Coal 
Measures. The comparison Of SSEH and the SEH profile to Sxs and 
the KS profile shows the differences which can be expected be- 
tween areas of weak and areas of strong overburden. Since 

E and G are largely a function of the shape of the subsidence 
profile these parameters too can be expected to be,in part,a 
function of overburden lithology. 


Groundwater quality should not be degraded by thick seam 
underground mining methods which maximize coal recovery and 
subsidence, to a greater degree than by room and pillar and 
longwall methods presently used, or by surface mining. The 
primary effect on surface water quality may be an increase in 
stream sediment load owing to changes in channel and drainage 
surface slope. 


The primary changes to surface water quantity and flow 
patterns would occur through: 


(1) Ponding in the subsidence trough; 
(2) changes in channel slope; and 


(3) loss of surface water owing to seepage into 
surface fissures. 


Groundwater quantity and flow patterns may be altered by: 


(1) Increases in the permeability of the ground- 
water media; and 


(2) creation of new hydraulic connections between 
previously isolated aquifers. 
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FIGURE 59. - Maximum tensile strain, +E, versus extracted 
seam thickness - overburden depth ratio, 
m/h, for the ten analyzed sites. 
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Given the semiarid climate in the western United States and 
the often sparce ground and surface water resources, the total 
hydrologic impacts of underground thick seam mining may often be 
small in comparison to a more humid climate. However, these im- 
Pacts may still be significant in the context of the great im- 
portance attached to water in the west. 


Recommendations 


_ Since little hard data is available concerning the hydro- 
logic impacts of the underground near-total extraction mining 
of thick coal seams, the following areas need to be investigated 
further: 


(1) Surveying of existing longwall mines in the western 
U.S. to obtain data for the development of a sub- 
sidence prediction methodology more applicable to 
the higher strength overburdens found in the west- 
erry 3S. 


(2) hydrologic monitoring of an active longwall mine in 
the west to measure impacts; and 


(3) amore detailed site analysis involving: the most 
likely sites in the west where this type of mining 
would take place; formulation of a detailed min- 
ing plan for the site; and collection and analysis 
of more detailed stratigraphic and hydrologic base- 
line data. 


Inventions 


No inventions were developed as a result of this contract. 
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Denver Basin Fields 


Location 
The Denver Basin covers an area of about 5700 square miles in 
eastern Colorado east of the Front Range, extending from near Col- 
orado Springs, north to just south of Greely. It extends east- 
ward from the Front Range to near Limon. The general outline of 
the basin is roughly oval with its long axis trending north-south. 
Topography 
Topographically, the basin is characterized by undulating 
plains, locally dissected by stream erosion. The climate is semi- 
arid, vegetation consists principally of grasses 
Lithology 


Ln sequence from surface units down to lowermost thick coal 


Rock Units Thickness Description 


Alluvium Q- ? Deposits of silt, 
sand, and gravel 
concentrated along 
stream channels. 


Castle Rock Oe == 300" Andesite conglomerate 
conglomerate witn clasts up to 4' 
in diameter and arkosic 
and andesitic coarse 
sandstones. 


Dawson 1000 - 1800' Lower member, 200 - 400' 

arkose thick, contains bothwarn- 
desitic and arkosic ma- 
terial ranging from clay- 
stone to conglomerate. 
800 to 1400' thick upper 
member is 70 to 90% arko- 
sic sandstone and conglom- 
erate interbedded with 10 
to 30% sandy claystone. 


Denver 600 - 1580' Claystone, siltstone, very 
formation fine to fine-grained sand- 
stone, and andesitic con- 
glomerate. Lava flows in- 
terbedded near Golden. 
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Arapahoe 200 - 1000' Basal conglomerate 

formation topped by thick beds 
of claystone, shale 
and siltstone inter- 
bedded witn thin sand- 


stones. 
Laramie 350 - 900' Brackish-water and con- 
formation tinental sandstones, 


shales, claystones, and 
coalssae Lower,-100, -— 300) * 
predominantly medium- 
grained sandstone with 
interbedded coal and 
thin shale. Upper 250 
to 600' primarily shale, 
siltstone, claystone and 
minor sandstone. 


Structure 


Structurally, the Denver Basin is a broad, gentle basin, 
steeper on the west flank along the uplifted mountain front. The 
margins of the Denver Basin region are defined by the outcrop of the 
coal-bearing basal part of the Laramie formation. Strata is well- 
exposed along the foothills hogbacks extending from near Colorado 
Springs to Boulder, where dips may be near-vertical but flatten 
rapidly to 5 aegrees or_less eastward into the basin. 


Seams 


The primary occurances of coal in the Denver Basin are in the 
upper Cretaceous Laramie formation and the Paleocene Denver forma- 
tion. Laramie formation coal varies in rank form subbituminous B 
bo) lignite A. Known occurances of coal greater than 15 feet thick 
in the Laramie formation are in the Colorado Springs field and near 
Buick and Matheson on the east flank of the Denver Basin. 


Colorado Springs Field 


Bneecolorado=springs.tield.1s .in.central El Paso County, north 
and east of downtown Colorado Springs. At Colorado Springs, three 
seams, A, B, and C are recognized in the basal Laramie. Only the 
lowest, A seam, is thick, varying from about 5 feet to 1/7 feet. 


Buick-Matheson Area 


The Buick-Matneson area is in eastern Elbert County on the 
eastern margin of the Denver Basin mostly between tne towns of Buick 
on the north and Matheson on the south. The coal zone averages 25 
to 50 feet thick in this area and contains two notable coal beds. 
The upper of these beds is 10 to 25 feet above the lower, is 1 to 
17 feet thick, but locally splits into as many as five thinner beds. 


tA ps 


The Denver formation coals are primarily lignite A. Thick lignite 
beds occur in a zone in the upper 300 to 500 feet of the formation; 
about 800 to 150U feet above the top of the Laramie coal zone. The 
Denver formation lignite zone can be divided into a northern and 
southern area, each witn it's own stratigraphy. The E bed of the 
northern area is the thickest and most continuous bed in the Denver 
formation. Gross thickness averages 20 to 30 feet (including part- 
ings) and ranges up to a maximum of 54.5 feet near Watkins. Lig- 
nite beds A through D are often 10 to 15 feet thick and locally are 
over 30 feet tnick. The Wolf bed is the thickest in the southern 
area, ranging from 18 to 28 feet thick. The lower southern area 
beds may locally be up to 24 feet thick but are typically in the 5 
to 10" foot. range. 


Mining Conditons 


Little is known about the nature of the Laramie formation coal 
towards the center of the basin. Where it is known to occur in 
thicknesses over 15 feet it is more suitably strip mined than under- 
ground mined. Most of the Denver formation lignite beds contain 
numerous non-coal partings. Parting thickness ranges from less than 
.l inch to over 2 feet. Most of the thick lignite beds are within 
200 feet of the surface and are strippable. Little is known about 
the lignite beds in the deeper, western portion of the basin. Ex= 
isting data suggest the lignite beds thin, become carbonaceous, and 
may completely pinch out near the basin axis. This is significant 
in that it implies lignite beds are thinner and less abundant in 
areas where beds are deep enough to be mined underground. 


Water Resources 


The northern portion of the basin is drained by the North 
Platte River and its tributaries; the southern part by the Ar- 
kansas River and its tributaries. Numerous small reservoirs and 
irrigation ponds exist throughout the basin but particularly a- 
long the South Platte River which is the most important body of 
surface water in the area. 


Prominant ground water sources include the Fox-Hills forma- 

ion, the Arapahoe formation, and the Dawson arkose. The coals 

in the lower portions of the Laramie formation are often intimate- 
ly associated with the Laramie - Fox Hills aquifer. In the east- 
ern part of the basin the basal conglomerate of the Arapahoe for- 
mation is a section of strata which is an excellent high-permea- 
bility aquifer and generally contains high-quality water. Denver 
formation lignites are directly below the Dawson arkose, a pro- 
lific water-producing formation, and above sandstones which pro- 
vide small quantities of water from the lower Denver formation. 
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North? Park? Field 


Location 


Located in North Park Basin in north-central Colorado. 
Bounded on the south and west by the continental divide, on the 
east by the Medicine Bow Mountains, and on the north by the Col- 


orado-Wyoming State line. North Park occupies approximately 
1,400 square miles. 


Topography 


Tne basin is surrounded on all sides by uplands against 
which the edges of coal bearing strata have been upturned and 
eroded. The terrain of the basin can best be described as gen- 
tly rolling with local flexures causing coal seams to exposed 
in the inner portion of the basin as well as around its edges. 


i 
| Lithology 
; In sequence from surface units down to lowermost thick coal 
bearing units. 
. 
| Rock Units Thickness Description 
Unconsolidated O to hundreds Alluvium, dune sand, 
sediments of feet terrace gravel, gla- 
Craw silt. sand, and 
boulders. 
North Park 600' Shale, sandstone,vol- 
formation Canvceashe vuLt, cand 
conglomerate. 
Coalmont 4000-6000' Sandstone, conglom- 
formation . erate, shale, and 


coal beds. 


Structure 


The sedimentary rocks of North Park form asynclinal trough 
which lies between the uplifted crystalline masses of the Med- 
icine Bow Range on the east and the Park Range on the west. On 
the north the syncline is terminated by a great fault and on — 
south sedimentary strata rise on the uplift which forms the div- 
ide between North and Middle Parks. The strata of the park floor 
are broken by number of significant fault sets as well as many 
smaller faults of lesser displacement and extent. Faulting and 
folding have exposed coal beds in the northeastern, northwestern, 


and southwestern part of the field. Dips are generally high in 
the areas where coal beds are exposed. At some coal outcrops in 
tne northeastern corner of the field beds have been overturned 
and dips are nearly verticai. 


Seams 


The principal thick seams in the field are the Riach and 
Suddeth seams of the Coalmont formation. The Riach seam is ex- 
posed in the southwest portion of the field near Coalmont. This 
seam is 22 to 77 feet thick and has been mined fairly extensive- 
ly. It is however, extensively block faulted and tilted. The 
Suddeth seam is exposed on the flanks of the McCallum anticline 
in the northeast part of the field near Walden. it occurs in 
thicknesses of 10 to 58' and has dips ranging from 20 to 85 de- 
grees. 


Mining Conditions 


Conditions for longwall-type mining in the Riach seam near 
Coalmont are complicated by high dips and complex faulting. For 
this reason, the best prospects for mining exist in the Suddeth 
seam which is more uniform and continuous although possessing 
medium to high dip angles. The extreme thickness of the seam 
in some portions may permit longwall mining along the strike in 
horizontal panels. 


Water Resources 


The North Platte River drains the entire field. Surface 
water is readily available in its many tributaries which in- 
fringe upon almost all areas of the field. These include the 
Canadian River, Michigan River, Illinois Creek, Grizzly Creek, 
Norris Creek and Roaring Fork. Lakes include Lake John and 
Boetcher Lake. The northeast corner of the field,in the vicin- 
ity of the Suddeth seam outcrops, is tranversed by the extensive- 
ly braided Michigan River and the Canadian River. 


There is mucn potential for groundwater because of the pre- 
sence of large amounts of alluvium and glacial material which are 
capable of absorbing a good percentage of the precipitation and 
the surface water present in the field. 
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son Counties in western Colorado near the town of Paonia. 


Somerset Field 


Location 


The Somerset field is located in parts of Delta and Gunni- 

ists 
bounded by the Grand Mesa coalfield on the west and the Crested 

Butte field on the east. Coal outcrops along the North Fork 


of the Gunnison River. 


The area is mountainous with high relief. 
are generally along the valley bottoms affording little oppor- 


tunity for surface mining. Overburden depths show large varia- 


Topography 


Coal outcrops 


tions across the field due primarily to topographic effects. 
Slopes range from about 3 to about 65 percent. 


Lithology 


In sequence from surface units down to. lowermost thick 


coal bearing units. 


Rock Units Thickness Description 
Alluvium up to Unconsolidated mater- 
and col- 200' ial deposited by flu- 
luvium vial processes or gra- 
vity. 
Ruby 2007+ Shales, sandstones, 
formation ~ and conglomerates. 
Undifferentiated 16900' Lenticular sandstones 
member of the with subordinate in- 
Mesa Verde terbedded shales. 
formation 
Paonia member of SU0T= 2500" Equal portions of 
the Mesa Verde shale and interbedded 
formation lenticular sandstone. 
Two coal horizons in- 
cluding the thick 
Oliver’ or sD bed: 
Bowie member CTO S70. Shale with thin to 


of the Mesa 
Verde 
formation 


thick lenticular beds 
of coal including the 


thick Somerset or B bed. 


Rollins member 120-3200 Massive medium to 


of the Mesa coarse grained sand- 
Verde formation stone. 
Structure 


Structure consists of a series of sediments which exhibit 
a low regional dip ( 5 degrees) to the northeast. The strata is 
intruded in some places by igneous plugs, dikes, and sills. 
Minor faulting of a localized nature is present within the field. 


Seams 


The two seams reaching thicknesses in excess of 15' are the 
Oliver or D seam andthe Somerset or B seam. The D horizon oc- 
curs immediately above the massive sandstone marker bed at the 
top of the Bowie member. The D horizon has been divided into 
four distinct seams, the D-1lA, D-1, D-2, and D-3 beds. The D-2 
locally reaches thicknesses of about 16'. The B seam is in the 
Bowie member from 20 to 120' above the Rollins sandstone. In 
the Somerset-Hawksnest area the B seam reaches a maximum thick- 
ness of 24'. In the Hubbard Creek areathe B splits into the B-l 
and B-2. The B-l is from 14 to 15" thick and the B=-2” iS °upetogeees 


Mining Conditions 


The high relief and steep topography as well as thick over- 
burden severly limit the possibilites for surface mining. 
Local igneous intrusives and faulting will create some difficul- 
ties in underground mining. Little information is available 
concerning the continuity of the thick seams throughout the 
field. 


Water Resources 


The North Fork of the Gunnison River is the largest surface 
stream in the field. At a point near Somerset it has a draindge 
area of about 251 square miles and an average annual flow of 
438 cfs of which over 75 percent occurs during the spring snow- 
melt runoff period. A number of smaller perennial streams tri- 
butary to the North Fork of the Gunnison also exist in the area. 
Paonia reservoir is located on the North Fork of the Gunnison 
just upstream from Somerset. 


Groundwater is present in the alluvium along the streams 
and creeks of the area as evidenced by springs and seeps. The 
coal seams as well as the thick sandstone units of the Paonia 
and Bowie members have potential for groundwater. 
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Yampa Field 


Location 


Located in the Green River Region of northwest Colorado. Its 
eastern border is just east of Steamboat Springs. The field in- 
cludes most of townships 3 through 9N and ranges 84 through 94 W. 


Topography 
Topography of the Green River Region ranges from a broad pla- 
teau containing numerous mesas, tablelands, and fertile valleys in 
the west to nigh mountains in the east. Elevations range from 
5,40UU0 to 12,065 feet above sea level. 


Lithology 


—— Jy =. — ~~ 


In sequence from surface units down to lowermost thick coal 
bearing units. 


: Rock Units Thickness Description 
: Alluvium 0 - ? Silts, sands, and gravels 
: and Vol- along streams and local 
canics deposits of Tertiary in- 
trusives and volcanics. 
Brown's Park Oe -2 2000, Flivial, sitcecone, Cclay- 
z a 
formation stone, and conglomerate, 
loosely consolidated eol- 
ian sandstone, and volcanic 
ash. Bouldery in places, 
conglomerate at base. 
Occurs locally in the 
northern and western por- 
CLOns! Ose Liew ied. 
Wasatcn maximum Fluvial arkosic sandstone, 
formation 5000' mudstone, and conglomerate. 
Fort Union i Os Sandstone, snale, and coal. 
formation 
Lance 1000 - 1500' Interbedded snale, sandstone. 
formation and coal. 
Lewis shale 2000 ' Homogeneous marine shale. 
Williams Fork 1100 - 2000' Sandstone, shale, and coal. 


formation 
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- Structure 


The coal bearing rocks crop out along the Yampa River drainage 
area. The structure of the Green River region is relatively simple; 
however, folding and faulting have created areas of local complexity. 
Formation dips range from horizontal to vertical. Relatively gentle 
local folding along the south edge of the basin grades into more com- 
plicated structures eastward. On the southeast and east rims of the 
basin, local folding is complex and complicated by faulting and minor 
intrusives. Locally, the intrusives and structural deformation have 
increased the rank of the coals to anthracite. 


Seams 


The thick coals occur in lower part of the Williams Fork forma- 
tion (Upper Cretaceous), the Paleocene Fort Union formation, and 
the continental Eocene Wasatch formation. The seams in the lower 
Williams Fork are labeled F tnrough J and correlate with the Fair- 
field group in the Meeker area. Here the H is also called the Wolf 
Creek seam, I the Wadge, and J the Lennox seam, witn the names used 
more commonly than the letters. The F and G zones are 10 to 16 feet 
locally and include multiple seams in the western part of the field. 
At mines west of Hayden the Wolf Creek ranges from about 9 to 19 
feet. South of Craig and east of Hamilton, in the Williams Fort 
Mountains area, the J or Lennox zone is composed of multiple seams 
with thicknesses ranging from about 4 to 22 feet and with local 
mames such as Searcy Gulch seam and Kellogg seam. The Wolf Creek 
zone has multiple seams of 3 to 15 feet which in one locality coal- 
esce to a thickness of 42 feet with only minor partings. This 
group of coals, where not locally metamorphosed, generally is high- 
volatile C bituminous. The Seymour seam, a 10° to 17 feet Chace 
coal near the top of the Fort Union formation has been mined at four 
locations about 11 miles northeast of Craig. This is bituminous 
B or C coal. The Wasatch coals are lenticular and are thought to 
range from 0 to 20 feet in thickness. Generally they are subbitumin- 
ous B and C. 


Mining Conditions 


The Yampa field occurs at the extreme southeast edge of the 
Washakie basin where the geology is most complex. Local changes 
in dip and displacement of coal seams are a possible consequence 
of folding and faulting. In addition, little data is available 
concerning the areal extent of seams in excess of 15 feet but pre- 
liminary indications are that they are lenticular with significant 
thicknesses occuring only locally. 
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Ashland Field 


BLocation 


The field occupies 975 square miles in southwest Custer County, 
southeast Rosebud ounty, and northwest Powder River County in south- 
east Montana. its northern boundary is 25 miles south of Miles City 
and its southern boundary is 30 to 40 miles north of the Montana- 
Wyoming state Line. 


Topography 
The surface consists of a series of great benches resulting 
from the effects of erosion on flat lying strata with varying de- 
grees of resistance. Elevations range from 2,650 feet on the 
Tongue River to a high of 4350 feet. 
Lithology 
In sequence from surface units down to lowermost thick coal 
bearing units. 
Rock Units Thickness Description 
Alluvium and Onn 280 Coarse gravel, sand, 
terrace and silt along stream 
deposits channels. 
Tongue River 1300 msw/ 30 Massive sandstone, 
member of the sandy shale, shale, 
Fort Union and coal beds. 
formation 
Structure 


The strata are nearly horizontal. The chief structural fea- 
tures of the field are a broad syncline plunging gradually north- 
eastward, its axis following the Tongue River valley, and a north- 
west trending downfold that, crosses the Tongue River syncline near 
Ashland. 


Seams 


The coal is ranked as subbituminous. The Knoblock, E, A, Ter- 
ret, Sawyer, and Rosebud beds all exceed 15 feet for some part of 
their extents. The most significant of these by far is the Knoblock 
coal which is estimated to contain some 46,210 acres of coal aver- 
aging 15 feet or more in thickness mostly found in the west central 
portion of the field on either side of the Tongue River. The other 
thick seams average 15 feet ormore in thickness for the following 
amounts of acerage: Rosebud - 1,010, Sawyer - 3,464, Terret - 
20° EF - 433, and ’Ar- suo 
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Birney - Broadus Field 


Location 


Includes about 850 square miles in Rosebud and Powder River 


counties in southeastern Montana. 


Bounded on the east by the 


Powder River, on the northwest by the Tongue River. North-south 
width of about 25 miles. 


Topography 


The surface is deeply trenched by long, narrow valleys with 
precipitous slopes in many places, interrupted in some places by 


prominent topographic benches. 


Divide areas are mostly high and 


narrow except in southwest where the divide between the Tongue 


River and Otter Creek is a broad tableland. 


Maximum relief is 


300 feet in the northeast to 1300 feet in the west. 


Lithology 


In sequence from surface units down to lowermost thick coal- 


bearing units. 
Rock Units 


Alluvium 


Terrace 
gravels 


Tongue River 
member of the 
Fort Union 
formation 


Thickness 


2 


1,475-1, 650: 
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Description 


Deposits ranging from 
cobbles and pebbles to 
gravel, sand, silt, and 
clay along the main 
streams and their tri- 
butaries. 


Deposits of sand and 
gravel at different 
levels above main streams 
and larger tributaries. 


Sandy shale, shale, nu- 
merous coal beds and 
massive, crossbedded 
sandstone layers as much 
as 100 feet thick. 


Siructune 


Strata are mostly flat lying with 1 . “e 
Me astern art. y flat lying with local dips up to 5 degz 
a part of the area strata dip gently northwest, i 
the southern to north-cen 4 a re = ) a 
. north-central areas dips are less than 1 degree 
southwesterly. several southeast trending faults with displac 
ments from 40 to 125 feet occur in the eastern portion of the 


een’. fault crosses the Tongue River in sections 7 and 8, T 


Crit 


Seams 

The Broadus, Knoblock, Pawnee, Dunning, Cook and Garfield beds 
Baeeenceed 15-feet in thickness for some part of their extent. By 
far the most extensive and important of these thick seams is the 
Knoblock. It averages more than 15 feet in thickness in parts of 
T4S R43E, T4S R44E, T5S R44E, T6S R44E, T4S R4SE, T5S R45SE, T6S R43 
TOS °R4GE, T5S R46E, T6S R46E, and T6S R47E. “This amounts to about 
209 square miles in the western half°of the field. The aerial ex- 
Memeemr COal in -éxcess of 15 feet thick for the other seams is: 
Broadus, 24 square miles, Pawnee, 74 square miles, Dunning, unknow 


) 


Dut minimal, Cook, 24 square miles, and Garfield, 8 square mile 
These figures include only coal with 1000 feet of overburden or les 
The coal of the Birney - Broadus field is classified lignite. 


Mining Conditions 


Dips are very low-reaching a local maximum of 5 degrees. 
Faulting is of minor importance and should not be a serious hi 
Meetees tO Mining. Much of the coal is near the surface and ti 
fore more suitable for surface mining. The Knoblock and Broadus 
seams are among the lowest in the sequence and therefore the most 
likely to become candidates for underground mining in areas where 
overburden depths preclude surface mining. 


Water Resources 


The western two-thirds of the field is drained by the Tongue 
River atid some of its tributaries. The rest is drained by the Pow- 
memenrver tlowinge along its western edge. Otter Creek is a larger 
tributary of the Tongue which flows through the central portion of 
the field. Hanging Woman Creek and Pumpkin Creek are also impor- 
tant tributaries of the Tongue River that intrude upon the field. 


Groundwater may be found in the sandstone and coal beds of 
the Fort Union formation as well as in the alluvium along the 


stream channels. 
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Coalwood field 


Location 


An area of about 650 square miles in the northeast corner of 
Powder River County. It extends about 18 miles south from the Cus- 
ter County line and about 30 miles west from the Carter County line. 


Topography 


Total relief in the field is about 1000 feet with the highest 
point being at 3,835 feet on the Pumpkin Creek - Mizpah Creek div- 
ide and the lowest point on the Powder River at the north edge of 
the field. West of the Powder River the land surface has moderate 
to low relief. Broad valleys are separated by gently sloping div- 
ides which locally are moderately dissected forming sharper ridges, 
small mesas, or buttes. The slightly entrenched, meandering chan- 
nel of the Powder River flows through an alluviated valley about 2 
miles wide. East of the Powder River the slopes between the larger 
river valleys are gentle but locally dissected forming a landscape 
of somewhat less maturity. 


Lithology 


In sequence from surface units down to lowermost thick coal 
bearing units. 


Rock Units Thickness Description 


Alluvium One) a Flood-plain deposits 
; and valley fill of 
silt, sand, and gra- 
vel in valleys of 
larger streams. 


Terrace O; = 5e Deposits of sand and 

deposits gravel generally above 
and along stream chan- 
nels. 

Tongue River 7 Us Thick bedded calcareous 

member of the sandstones, shales, and 

Fort Union carbonaceous shales, and 

formation persistent coal seams. 
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Structure 


Most of the field lies on the crest and the west flank of a 
gently nortawest-plunging anticlinal uplift. Most of the strata 
are neariy norizontal, dipping a degree or less in a northwesterly 
direction, Steeper dips may occur locally. 


aAick coal occurs in the Tongue River member of the Fort 
Union formation. The Broadus bed is 15 feet 5 inches thick at the 
North Star mine in the southern portion of T2S, R50E. © The Broadus 
bed is cated 135 feet above the base of the Tongue River member 

of the xt Union formation. Its largest extent is in the south- 

western corner of the field where overburden depths often preclude 
Surface mining. The Sawyer bed occurs above the Broadus bed in the 
Tongue River and reaches a thickness of 25 feet at the Ash Creek 
mine ine T2S,.R49E. 


a5 coal is ranked as lignite, closely approaching subbitum- 
C a 
Forma 


Mining Conditions 


Dips are low and fairly consistant throughout the field. 
There is little data to assess the continuity of the seams but 
indications are that they are continuous where not eroded away 
although thicknesses may vary considerably over short distances. 
Faulting and folding are of little consequence in this field. 


Water Resources 


The Powder River is the only permanently flowing stream in 
the field although it is little more than a trickle in the driest 
months. Mizpah and Pumpkin Creeks flow most of the year but at 
times the only water is in standing pools and the channel gravels. 
Smaller tributaries are intermittent. 


Clinker, coal, and the sandstone beds of the Fort Union form- 
ation are known to produce water. The alluvium along stream chan- 
nels also has potential for groundwater production. 
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Eastward Extension of the Crow Indian Reservation Field 


Location 


This field is located in the eastern portion of Big Horn 
County, Montana. It includes outcrops of the coal bearing Wa- 
satch and Fort Union formations on the western edge of the Pow- 
der River structural basin not included in other fields in Mon- 
tana. The field includes townships 1 S to 10 § in the north- 
south direction and ranges 36 E to 38 E across its width. 


Topography 


The field is characterized by plains where the relief rarely 
exceeds 000 feet. The topography is dependent upon the underly- 
ing rocks. The shales give rise to broad flats and the more re- 
sistant sandstones form steep escarpments which roughly parallel 
the Big Horn Mountains to the west or follow the valleys of streams 
which nave eroded into the bedrock. 


Lithology 


In sequence from surface units down to lowermost thick coal 
bearing units. 


Rock Units Thickness 


Description 
Alluvium and Onewtso* Silts ,2sandsyeand 


terrace de- 


gravels deposited 


posits along or above 
stream channels. 

Wasatch 0 - 350' Shale, sandstones, 
formation and some coal beds. 
Tongue River 850 - 1800' Shales, massive sand- 
member of the stones, and coal beds. 
Fort Union 
formation 

Structure 


The area is in the western portion of the Powder River struc- 
tural basin. The beds are nearly horizontal with generally slight 
dips away from the Big Horn Mountain uplift to the west. Minor 
structural complexities due to the western uplifts occur in the 
field but are of small local significance. 
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Seams 


The coal is ranked as subbituminous. The Tongue River member 
of the Fort Union formation contains the thick coals in the field. 
Little information is available for assessing tne thick coal seams 
in the field although a few outcrops do reveal coal in excess of 
15 feet. These beds have not been correlated with beds in surround- 
ing fields. Nearby areas do contain a total of about 11 coal seams 
which exceed 15 feet in thickness for some of their extent. Some 
of these seams probably persist into the subsurface of this field. 


Mining Conditions 


Dips are low and faulting is insignificant. Overburden depths 
can range from shallow to moderate depending upon where in the se- 
quence the coal occurs. Much of the coal is probably strippable. 


Water Resources 


No significantly large perennial streams flow through the 
area. All streams are small tributaries to larger streams out- 
Side the field. 


The Wasatch and Fort Union formations have sandstone and 
coal beds which are known to yield supplies of water adequate 
for domestic use in some parts of the Powder River basin. The 
alluvium in the stream valleys and the terrace deposits can 
yield significant supplies of highly mineralized water. 
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Forsyth Field 


Location 


The field covers an area of about 800 square miles in 
southern Montana, south of the Yellowstone River and east of 
the 107th meridian, and includes parts of Rosebud, Treasure, 
and Big Horn Counties. 


Topography 


Tne field can be characterized as a dissected plateau a- 
cross wnich the Yellowstone River and its tributaries have cut 
valleys. In areas where the exposed rock is soft and erodible 
tne uplands range from a subdued rolling surface to a rougher 
and minutely dissected surface wnere subject to stream erosion. 
In those areas where harder rock is predominant the divides are 
long and narrow ana the intermittent streams flow in narrow, 
deep valleys with their sources in narrow ravines trenching the 
edge of a sandstone capped escarpment. Elevations range from 
4,780 feet above sea level on the divide between Armells ana 
Sarpy Creeks down to 2,51l feet at the east line of TON R4GIE. 


Lithology 


In sequence from surface units down to lowermost thick 
coal-bearing units. 


Rock Unit Thickness Description 

Alluvium G2 —8a0. Channel deposits and 
terrace gravel. 

Terrace 60' Terrace gravel cemented 

gravel into a conglomerate; 


largely made up of an- 
desitic porphry. 1000 
to 1,100' above Yellow- 
stone River. 


Tongue River 1,686' Mostly sandstone and 
member of the sandy shale. Several 
Fort Union of the sandstones 
formation thick and massive. 


Several coal beds. 


192 


Structure 


The field lies in a broad shallow syncline pitcning gently 
Southeastward. Although affected by a few very shallow folds 
within the field, the strata is essentially flat lying with dips 
reaching a maximum of 3 degrees in the northwest corner of the 
field. Several small normal faults, having maximum throws of 
60 feet, occur along the boundary between T3N R40E and T3N R4LE. 


Seams 


The Rosebud coal seam consistently exceeds 20' in thickness 
throughout its extent. It occurs about 360 feet above the base 
of the Tongue River member of the Fort Union formation. Its pri- 
mary occurance is in the southern half of the field where the 
Tongue River member has not been eroded away. This would amount 
to about 400 square miles. The coal is of subbituminous rank. 


Mining Conditions 


A large percentage of the Rosebud coal is strippable. Dips 
are very low and faulting is not a significant problem. In parts 
of the field the Rosebud seam is overlain by up to 100 feet of 
hard massive sandstone. 


Water Resouces 


Tne field is drained by tributaries of the Yellowstone River, 
the largest of which are Sarpy, Armells, and Rosebud Creeks and 
are normally perennial. Tne northern edge of the field is bounded 
by the Yellowstone. Practically all of the streams draining the 
field have shallow pools of slight surface flows here and there 
along their courses during the dry season. 


Fair water in small amounts can be obtained from the terrace 
gravel of the Yellowstone River. Springs issue from nearly all 
of the coal beds in the upper part of the Fort Union formation, 
particularly the Rosebud seam. Several wells obtain significant 
water from the massive sandstone overlying the Rosebud bed. The 
alluvial sands and gravels along the Yellowstone River and its 
tributaries should also be good sources of groundwater. 
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Moorhead Field 


Location 


Located on the Powder River, it consists of all or part of 
36 townships - about 1230 square miles - in southeast Montana. 


Topography 
The eastern one-fifth of the area is a broad exnanse of rol- 
ling grassland which terminates on the west at an extensive 
partly forested, intricately dissected plateau upon which are 
large areas of treeless gently rolling grasslands. 
Lithology 


In sequence from surface units down to lowermost thick 
coal bearing units. 


Rock Units Thickness Description 
Alluvium 522254 Silt> “sand *ancduo- 


cal lenses of gravel 
along major streams 
and their tributaries. 


Terrace i a adi © 8 Pebple to boulder size 

deposits material derived from 
local clinker, sand- 
stone, metamorphic, and 
igneous rock. 


Wasatch 200' Shale, carbonaceous 

formation shale, and thin beds of 
Sandstone which erode 
to ledges on gentle 
slopes of softer rock. 


Fort Union 1800 - 2000' Upper Tongue River mem- 

formation ber, 1400-160U', con- 
Sists of interbedded 
thick beds of sandstone, 
sandy shale, shale, car- 
bonaceous shale, and 
about 30 beds of coal. 
Lower member, 400', is 
interbedded shale, silty 
shale, carbonaceous shale, 
lenses of sandstone, and 
a few lenticular coal beds. 
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Seams 


Most of the coal greater than 15 feet in thickness is lo- 
cated in tne Anderson seam. Tne largest occurance of Anderson 
coal 1s in tne western portion of the field, west of the Powder 
River. Tne area underlain by Anderson coal greater: than 15 feet 
thick is 11J,5U4 acres. Tne Canyon coal bed lies 150 to 300 
feet below the Anderson seam and represents about 22,260 acres 
of coal in excess of 15 feet. The Dietz No. 2 seam lies between 
tne Anderson and tne Canyon seams and has an areal extent of 620 
acres of 15 foot coal. At 230-280 feet below the Canyon Bed the 
No. 5 coal bed reaches a tnickness 19 feet 4 inches in T9S R47E. 
Its areal extent is estimated to be 670 acres East of the Powder 
River. No. 8-Y coal bed exceeds 15 feet at several locations. 
It's total thickness is estimated to be 15 feet in T8S R49E 
wnere its areal extent is estimated to be 2,110 acres. The 
Canyon No. 3 bed covers about 540 acres in T9S,R51E. All of the above 
mentioned coals occur in the Fort Union formation with the maximum 
depth to coal teing less than 800 feet and in most places, less than 
600 feet. 

Mining Conditions 


Much of the coal in tnis field is at shallow depths and 
therefore most suitable to surface rather than underground min- 
_ ing. Some small local folds are present and some faults are 
_ mapped in the exposed rocks. In tne southwestern part of tne 
area, several normal faults, which trend generally slightly 
nortn of east for distances of up to 7 miles, displace tne ex- 
posed rocks. Faults, however, are of minor importance in terms 
of being a hindrance to mining. 


Water Resources 


The surface water resources of the area are significant. 

The Powder River has cut a wide valley northeastward across the 
east margin of the plateau and thence northeastward across tne 
rolling lowland. Its flood plain ranges in width from 4 to 2 
miles, and tne bed of the river is about 15 feet below the sur- 
face of the flood plain. The Little Powder River flows north- 
ward across the eastern part of the area entirely in the rol- 
ling lowland of the mapped area and joins the Powder River about 


4 miles south of the north boundary of the field. 


The belts of ailuvium along the Powder and Little Powder 
Rivers nave potential as useful sources of groundwater. The 
Wasatch formation 1s known to yield water from lenticular sand- 
Stone and to a lesser extent from jointed coal and clinker beds. 
The Fort Union formation yields water from fine-grained sand- 
stone, jointed coal, and clinker beds. 
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Northward Extension of the Sheridan Field 


Location 


The field occupies 700 square miles in southeast iriontana in- 
cluding parts of Rosebud and Big norn counties. The southern 
border is the iontana-Wyoming state line, the western border is 
tne Crow Indian Reservation, the northern border is the Northern 
Cneyenne Indian Reservation, tne eastern border is formed by 
Hanging Woman Creek, tne Tongue River and tne eastern side of T8, 


9 and 1US R43E. 
Topography 


The areais cnaracterized by low rolling hills and buttes. 
Prairie prasses and sage dominate the vegetation, but stands 
of evergreens are scattered througnout. The Tongue River and 
its floodplain crosses the field from nortneast to southwest 
and many tributaries enter tne river from tne northwest and 
southeast. 


Litnology 


In sequence from surface units down to lowermost thick coal 
bearing units. 


Rock Units Thickness Description 
Alluvium and Oe =25.0e Terrace and. alluviae 
terrace deposits silt, sand, and gra- 


vel deposits along 
the course of the 
tongue River and its 


tributaries. 
Wasatch 5V0' Interbedded sandstones, 
formation shales, small amounts 


of sandy limestone, and 
Chinveoaun 


Tongue River up to Interbedded claystone, 
member of the 1800' siltstone, sandstone, 
Fort Union coal sala Clinger. 
formation Sandstone commonly oc- 


CULCS SinetLpLokepedde 
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Structure 


_ The field is located in the northern part of the Powder River 
Basin, a great structural depression between the Big korn Mountain 
uplift on the west, and the Black Hills uplift of the east. Dips 
are chiefly to the southeast veering toward the south and southeast 
in the soutneast corner of the area. Local dips are less than 3 
degrees. Minor faults occur throughout the field. 


Seams 


Tne Smitn, Anderson, Dietz No. 1, Canyon, Wall, Brewster- 
Arnold, and Knablock beds all exceed 15 feet in thickness in 
Some part of the field. There is some difficulty in correlating 
beds witnin tne field and with surrounding fields so that locally 
the names of the beds are in dispute. Suffice it to say that at 
least seven beds in the field contain coal which exceeds 15 feet 
in some places. The coal is high grade subbituminous. 


Mining Conditions 


Low dips are the rule tnroughout most of the field although 
dips can range up to i7 degrees adjacent to faults. Faulting is 
not wide spread or large scale but can be of local significance. 
iluch of the coal in the field is under shallow overburden and is 
strippable but much is under over 200 feet of overburden giving 
it potential for underground mining. 


Water Resources 


Ground water occurs in the alluvium along the stream channels, 
: in the coal seams, in the sandstone units, and in clinker beds. 
Many bedrock wells are completed in tne coal seams and yield ade- 
quate supplies of water for livestock and domestic use. 


The primary surface streams are the Tongue River and its lar- 
gest tributary in the area, Hanging Woman Creek. Youngs Creek is 
perennial and joins the Tongue River about 16 miles upstream from 
the Tongue River Reservoir. The Tongue River Reservoir is a large 
irrigation reservoir located in tne central portion of the field 
on tne Tongue River and is the most significant body of surface 
water in tne area. 
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_ Location 


Located on the east *side of thevBig Horn River in southedee 
Montana. Found in the angle formed by the junction of the Big 
Horn River with the Yellowstone River. Extends eastward to the 
center of R38E and south to the Crow Indian Reservation boundary. 
Occupies about Y9U0 square miles. 


Topography 


Essentially a maturely dissected plateau across which the 
Yellowstone and Big Horn rivers have cut wide valleys. 


Lithology 


In sequence from surface units down to lowermost thick coal 
bearing units. 


Rock Units Thickness Description 
Alluvium Oecd lie Coarse gravel, 
Sand, and Sx lar 
Fort Union O77 =0y cect Sandy snale, clay 
formation shale, and sandstone 
in thick layers. 
Coal beds. 
structure 


Located in a broad, shallow syncline crossed by a structural 
upwarp. In the northern part the strata dip gently to the south, 
in the southern part they are tilted more steeply to the north and 
east, and in the central portion they are gently warped and are 
faulted to some extent. Tilted more steeply in the southwest cor- 
ner (dips up to 30 degrees) due to the Big Horn uplift. 


Seams 


The thick seams are the M and P seams (as defined by U.S. Geo- 
logical Bulletin 749) occuring in the uppersporcelonworecncwrore 
Union formation. Both are lenticular and occur in thicknesses ex- 


ceeding 15 feet in the southeast corner of the field. The coal is 
subbituminous in rank. 
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Mining Conditions 


Dips are generally low throughout the field except in local 
areas primarily in the southwest corner of the field where the Big 
Horn uplift and tne Lake Basin fault zone have resulted in dips up 
to 30 degrees. Faulting is of minor significance where coal ex- 
ceeds 15 feet in thickness. The thick coal is lenticular, thinning 


outward from a central area where it reaches maximum thickness. 
Water Resources 


The Yellowstone River, Big Horn River, and Tullock Creek all 
flow through or adjacent to the field. The most likely significant 
surface water to be affected by thick seam mining however, is Sar- 
py Creek and its tributary East Sarpy Creek which flow through the 
southeast corner of the field. In wet years these are perennial 
streams and contain water in some sections even in dry years. 


Groundwater is found in the coal seams themselves, in some of 


the sandstone layers of the Fort Union formation, and in the alluv- 
ium located along the stream channels within the field. 
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Fruitland - Fruitland Field 


Locat#on 


Located in the northwestern portion of the San Juan Basin. 
Bounded on the north by the Colorado-New Mexico state line, on 
the south by the San Juan River, from west to east between 
ranges 15W and 12W. 


Topography 


In the southern part of the field the topography is charac- 
terized by broad alluviated flats interrupted by sharp sand- 
stone-capped cuestas with relief varying from a few feet to a 
few tens of feet. As the dip of the beds increases northward, 
the surface is marked by narrow ridges and valleys and high, 
tilted mesas. 


Litnology 


In sequence from surface units down to lowermost thick 
coal bearing units. 


Rock Units Thickness Description 
Alluvium OU; se Stream deposited 
sand and gravel. 
Kirtland Q- ? Shale with channel 
shale deposited Farmington 


sandstone member near 
its middle. 


Upper por- 250' Sandy shale with sand- 
tion of stone, cross-bedded 
Fruitland sandstone, and coal beds. 
formation 

Structure 


The Fruitland - Fruitland field is located on the northwest- 
ern edge of the San Juan Basin which is an asymmetrical circular 
structure deepest to the northeast. Dips are generally in an 
easterly to southeasterly direction. They increase from 1% de- 
grees to 3 degrees in the southern part of the field (where the 
outcrop of the Fruitland formation trends north-south) to 40 de- 
grees near the eastern border of the Ute Mountain Indian Reser- 
vation. From there the dips once again decrease to an average 
of about ¥ degrees east of the La Plata River. 
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Seams 


The thick seam is the Carbonero bed of the Fruitland forma- 
tion. Measured sections and drill holes indicate that thicknesses 
in excess of 15 feet occur in the extreme northern and southern 
portions of the outcrop. Average thickness throughout the field 
is projected at 25 feet. Quality is high-volatile C and B bitum- 
Linous. 


Mining Conditions 


In areas of low dips, much of the coal is strippable where 
overburden depths permit. In areas of deeper overburden and 
higher dips underground techniques are appropriate. The steeper 
dips in some areas may be a hindrance to mining. Some minor 
faulting should be expected in the vicinity of flexures but 
faults are not an obvious problem on the surface. 


Water Resources 


Within the area defined as the Fruitland - Fruitland Field 
are located portions of two perennial streams, the La Plata River 
and the San Juan River. Both of these streams can be considered 
to be of significant economic and ecological importance. 


The field does not contain any aquifers of major regional im- 
portance but the sandstone members and coal beds of the Fruitland 
and Kirtland formations can be considered to be locally signifi- 
cant sources of groundwater. 
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Blacktail (Tabby) Mountain Field 


Location 


Located in Wasatcn County on the soutn fl 
west end of the Uinta Mountains. The field oc: 
of about 150 square miles. 
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Lithology 


In sequence from surtace units down to lowermost thick 
‘COalepcata neater 


Rock Units Thickness Description 


Alluvium 0 - 50' Sand, gravel, and 
clay along streams. 


Terrace QO - 20' Sand and gravel 200 - 
gravel 300' above valley 
ploous. 


Glacial OF = 50s Sand, clay, pebbles, 

material and boulders unstrat- 
ified and deposited as 
terminal, lateral, and 
recessional moraines. 


Bishop 0 - 500' Conglomerate composed of 

conglomerate waterworn and subangular 
quartzitic pebbles and 
boulders, many 1 to 6 feet 
in diameter, embedded in 
finer sand and gravel. 


Bridger and O = 600° Course massive sandstone 
Uinta alternating with thin beds 
formations of sandy snales. 

Green River QO - 2000' Sandy shale with thin beds 
formation of sandstone. 


a 16,000" t Sandstone, sandy shale 
ormation and conglomerate, poor- 
ly consolidated. 


Mesaverde Selo oo. Alternating beds of sand- 
formation stone, shale and coal. 


+ OCtruecure 


; The field occupies a portion of the northern margin of the 
Uinta basin where strata have been upturned along the south flank 
of the Uinta Mountains. Dips are therefore generally high, rang- 
ing from 20 to as high as 57 degrees. Strikes run approximately 
east-west in the most of the field with dips toward the south away 
from the mountains on the north. 


Seams 


Tne thick seam is located within the Mesaverde formation and 
is designated the Fraughton bed in U.S. Geological Survey Bulletin 
471. The Fraughton bed is exposed in T1S R9W along Red Creek for 
a distance of about 2 miles. Another exposure about 5 miles to 
the west in T1S R1OW is about 20 feet in thickness and is possibly 
an extension of the Fraugnton bed although positive correlation has 
not been made. The beds dip to the south at up to 45 degrees and 
the persistance of the Fraugnton seam in the subsurface is unknown. 


Mining Conditions 


The high dips present in the field are the most obvious ob- 
Memeres tO Mining. No significant faulting 1s present at the sur- 
face in the field although localized faulting in the subsurface 
would not be unexpected given the deformed nature of the upturned 


beds. 


Water Resources 


The Duchesne River is the principal stream in the area and 
flows southeasterly across the field a short distance east of its 
center. Currant, Red, and Rock creeks have courses similar in dir- 
ection to that of the Duchesne. These are all perennial streams. 
The discharge of the Duchesne at Myton, Utah in 1905 was measured 
at 143,VUU acre-feet in June and 32,100 acre-feet in September. 


The glacial material in the field is known to be water bear- 
ing and the terrace gravels and alluvium along tne stream channels 
also nave potential as groundwater sources. The Bishop conglomer- 
ate is a good water bearing formation and supplies many of tne 
springs in the field. The Bridger and Uinta formations as well as 
the Mesaverde formation also contain water in significant amounts. 


Book Cliffs Field 


Location 
Tne-~field Lies, sligntly east®* of “the central part’ ofavcanme 
Tne west end of the field is’ about “£20 miles southeast of Sait 
Lake City. The east boundary is the Green River, the west boun- 
dary is the eastern most fault of the North Gordon fault ZOne, 
the south or scuthwest boundary is the escarpment of the Book 
Cliffs, and the north-northeast boundary is somewhat beyond the 
3000 foot overburden line 
Topography 
The most important topographic features of the Book Cliffs 
coal field are tne Book Cliffs themselves. The 7O0-mile clifé 
line extends along the entire length of the riel d‘on:-Lts *scoute 
Side. Relief along the cliffs varies between 1000 and 20UU feet. 
Behind the cliffs are mountains witn more gentle slopes and in 
the north and west part of the field locally flat surfaces have 
been developed along the Flagstaff limestone - Colton formation 
contact The coal outcrops along the cliffs.and in the, canyons 
which indent them. 
Lithology 


In sequence from surface units down to lowermost thick coal 
béaring*uniets: 


Rock Unit Thickness Description 
Green river Full thick- Claystone, shale, and 
formation ness unknown fine-grained thin bed- 


ded sandstone. 


Colton 300 - 2000' Lenticular sandstone, 
formation snale, and siltstone. 
Flagstaff Os -g 300g Limestones, shales, 

formation and fine-grained cal- 


careous sandstone. 


Wasatch 3000' Found in the eastern 

formation portions of the field 
and is equivalent to 
the Colton and the 
Flagstaff in the west. 
Sandstone with shales 
and a basal conglomerate. 
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B euShoaa pz littoral and 

- lagoonal deposits with 
Siximajor cycies. 
Littoral deposits are 
mainly thick bedded to 
massive, cliff-forming 
fine to medium-grained 
sandstone with individ- 
ual beds separated by 
gray shale. The lagoon- 
al facies include thin 
to thick-bedded sand- 
stones, shaley sandstones, 
shale, and coal. Castle- 
gate coal zone occurs 
about 700 - 900 feet down 
from contact with Castle- 
gate sandstone. Lower 
Sunnyside coal bed is lo- 
cated 200 - 300 feet be- 
low Castlegate sandstone 
contact. 


: Structure 


‘ 


The Book Cliffs rougnly parallel the strike of a nomocline 
dipping into thé cinta Basin to the northeast. Faulting is gen- 
erally local and of minor displacement. The most serious zroup 
of faults Lies in the southern portion of the field where two 
steeply dipping fault sets occur; the first trends *north-nere 
west, tne second east-northeast. Although they can be 4 Ain- 
drance to mining, they are fortunately not too closely spaced. 
Dips for the strata in the field are generally low, rancing from 
1 or 2 degrees to 10 or 12 degrees. 

Seams 

Two coal seams exhibit thicknesses greater than or equal £6 
15 feet in the Book Cliffs Coal Field. The Lower Sunnyside bea 
has tnickness greater than 15 feet in its southern most portion 
at the Geneva and Book Ciiffis mines. Tnicknesses in areas of 
2000 feet or more of overburden are unknown: The Castléeace 
zone includes tne Castlegate "A" and "D" beds, both of which 
have thicknesses exceeding 15 feet in the areas where they out} 
crop Both the Lower Sunnyside bed and the Castlegate beds oc- 
cur in the Upper Cretaceous Blacknawk formation. The coal in 
all of these beds is classified as nigh volatile 8 bitumenecee 


Mining conditions are generally good. Beds are locally con- 
tinuous and are cut ne only a few wicespread faults,  Dipseoe 
tne beds average betwe 5S and 7 degrees The seams do contain 
Floor and roof Hadietenn and thickness changes characteristic. 
of western coal seams. In some places the coal has been removed 
by prehistoric erosion events or splits of snale or high-ash 
coal appear and disappear. 


Water Resources 


= 


= 


The most likely candidates as significant sources of ground- 
water are the Flagstaff limestone, the sandstone and conglomerate 
units in tne North Horn formation, the Price River and Castlegate 
sandstones and sandstone and coal units of the Blacknawk formation. 


Given tne low amounts of precipitation and small recharge areas, 
tnese resources are somewhat limited however. 


Surface water is of more importance for the Book Cliffs field 
than is groundwater. Two important streams, the Price River and 
the Green River, flow through the cliffs at opposite ends of the 
field. The Price cuts througn at both ends while the Green skirts 


tne field at its extreme southern end where it is joined by the 
Price. 
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F Kaiparowits Plateau Field 


Location 


Located in south central Utah. The plateau has a maximum 
widcn of 54 miles at its south end and is 66 miles from north to 
uch. Its eastern boundary is defined by the Cretaceous Dakota 


3 

formation which outcrops along the Straight Cliffs (Fiftymile 

Mountain). On the north, the base of the overlapping Tertiary 
vrata of the Table Cliff and Aquarius plateaus represents its 


7a linen | 


ary. On the south the field is bounded by the base of the 

Dakota outcrops along the deep canyons of the Colorado River sys- 
m and on the west by the Paunsaugunt fault and the base of the 
Dakota Formation as it outcrops along the East Kaibab monocline. 
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Topography 


The Kaiparowits area is one of undulating plateau surfaces 
incised by steep-walled canyons along the walls of which 
re exposed the coal seams. Elevations range from 3,800 to 8,000 
et above sea level and the coal seams occur throughout the en- 
re range of elevations. The highest elevations are in the 
north part of the field and the lowest are along the Dakota out- 
ops in the south end of the field. 


Lithology 


In sequence from surface units down to lowermost thick coal 
bearing units: 


Rock Units Thickness Description 
Strivezau 0-200' Alluvial and collu- 
deposits vial sands and gra- 


vels, landslides, 

sand dunes and sheets, 
pediment gravels, ter- 
race deposits, and, 

in extreme north, 

200' of volcanic la- 
tite flows. 


Clarion 0-1500' Upper member a vari- 

formation gated siltstone, mud- 
stone and sandstone. 
Middle member 0 - 550' 
of white limestone. 
Lower member 0 - 900' 
of pink limestone. 


“Drip arene eee “100- 550° 
Oy ESE RE Sa “former of fine 
POON og medium-grained sandstone 
with some gritstone and con- 
glomerate interbedded with 
shale. John Henry member, 
500-900', contains thick 
coal and interbedded medi- 
um-grained sandstone, shale, 
and carbonaceous mudstone. 


Structure 


The Kaiparowits Plateau can be characterized as a basin with 

a system of asymmetrical anticline-syncline sets usually trending 
northwest and plunging into the central basin. Relatively few 
faults occur within tne plateau and they are of minimal importance 
in terms of their effects upon mining conditions. Many of the 
faults are surficial with small extent and depth and are the re- 
sult of collapse at the edge of oversteepened canyons or above por- 
tions of burned coal seams. The presence of synclines, anticlines, 
and monoclines creates variations in dip throughout the plateau. 


209 


Seams 

The John Henry member of the Cretaceous Straight Cliffs 
formation contains all of the significant coal zones of the Kai- 
parowits field. In terms of seams greater than 15 feet in thick- 
ness, tne Alvey and the Christensen zones are of the most impor- 
tance. The Cnristensen zone is projected tnroughout most of the 
field while the Alvey zone has only been confirmed for the east- 
ern half of the field. Most of the Christensen zone outcrops 
appear along the walls or at the bottom of deep canyons necessi- 
tating the use of underground mining techniques. The Alvey zone 
occurs about 300 to 400 feet above the Christensen and it too 
reyuires exploitation by deep mining. The seams of both zones 
tend to be lenticular so that the thick seams can be expected 
to occur only at specific localities rather than extending 
throughout the field. The rank of the coal in the Kaiparowits 
field ranges from subbituminous C to high-volatile bituminous A. 


Mining Conditions 


The geology of tne Kaiparowits Plateau dictates that most 
coal seams will have to be mined underground. The coal beds 
tend to be lenticular creating problems in adjusting mining e- 
quipment to conform to seam thickness. Faulting is of limited 
extent and in general should present only minimal problems for 
mining except locally along the limbs of some folds where they 
can increase up to about 65 degrees. 


Water Resources 


Streams occuring on tne plateau itself are mainly dry ex- 
cept in the north. The largest amounts of significant surface 
water in the area are adjacent to the plateau in the north and 
south. The Escalante River flows northeast of the plateau and 
and has an average annual flow rate of 3,500 acre-feet near the 
town of Escalante. To the south is Lake Powell into which the 
Colorado River normally discharges more than 7 million acre-feet 
of water. Those creeks neading on the plateau and which add to 
the flow of the Escalante have a total annual discharge of about 
800U acre-feet which is used for irrigation and domestic pur- 
poses by the communities in Escalante Valley. The Paria River 
on the southwest limits of the plateau is estimated to have 
an annual flow of a little less than 3,500 acre-feet. In the 
central part of the plateau many drainages confined by the 
structure empty southward into the Colorado River. These are 
usually dry except during periods of heavy rain. Many small 
"water keeps" are constructed by the ranchers to control flash 
floods and provide water for stock. 


Underground aquifers are thought to be potential sources 
of water for the Kaiparowits Plateau because of the closed basin 
structure existing on it. Unfortunately little data is availa- 
ble. Some water may be available in the Wahweap and Straight 
Cliffs formations, but the lenticular nature of the strata will 
probably limit the amount. 
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Thickness Description 
ays 2 : 
Green River 8 ieee Shale and siltstone 
formation with some lenticular 


- sandstones. Found in 
northern part of pla- 


teau. 
Colton 300 - 1500' Varicolored shale 
formation with limestone and 
sandstone lenses. 
Flagstaff 200 - 1500' Limestone evenly bed- 
limestone ded with minor amounts 
of sandstone, shale, 
and volcanic ash. 
North Horn FUUe =) 2000 Variegated shales with 
formation subordinate sandstone 


conglomerate and lime- 
stone. Thickens to the 
north. 
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Price River 000 - 1000' Gritty sandstone in- 


Formation terbedded with subor- 
dinate shale and con- 
glomerate. 

Castlegate . 150 - 500" Coarse-grained often 

sandstone conglomerate sandstone. 

Blackhawk 8502 Fine to medium-grained 

formation sandstone interbedded 


with subordinate shale 
and conglomerate. Coal 
beds are in the lower 
250 to 350 feet. Aber- 
deen sandstone member 
underlies the Castle- 
gate "A" bed. 


Structure 


Except adjacent to fault zones the beds usually dip at low 
angles up to 5 or 6 degrees. Locally in and around fault zones 
dips may reach 20 degrees. Direction of dips is generally west- 
erly except in tne extreme north part of the field where it is 
nortnerly. The faults tend to impede or limit mining but there 
is usually ample room between faults to mine profitably. 


Seams 


All the coal resources of the Wasatch Plateau are contained 
in the lower third of the Blackhawk formation of the Mesaverd 
group (Upper Cretaceous). The Hiawatha, Castlegate "A", Bear 
Canyon, Blind Canyon, Candland and Muddy No. 2 beds all equal 
or exceed 15 feet in thickness for some part of their extent. 

Of these, the Hiawatha and Castlegate "A" are considered to be 

of most importance. The Hiawatha rests immediately upon the 

Star Point sandstone and has the greatest areal extent. The His 
awatha is best developed inthe Hiawatna area where beds up to 

28 feet thick have been mined. The Castlegate "A" is located from 
160 to 210. feet above tne Star Point sandstone and ts upecoe. 
feet thick. The coal in all the beds of the Wasatch Plateau is 
high volatile B bituminous. 


Mining Conditions 


A series of fault zones generally trending north-south cut 
and displace the coal. The faults tend to increase the dips in 
tne strata adjacent to them and to limit mining in some areas by 
creating discontinuities through offsetting of the coal beds. 
Locally extensive shearing and crushing along the fault plane 
reduces the volume of minable coal. Faults are also avenues for 
underground water in places dewatering the rock and in others 
channeling water into the mine. The King Mine of U.S. Fuel con- 
tains many islands of rock (wants) replacing portions of coal 
seams wnich reduce coal recovery. In some areas thicker coal 
Seams come close togetner thus rendering some seams unminable by 
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conventional techniques. Variable dip, fluctuating thickness of 
the coal seam and undulating coal require frequent changes in min- 
ing plans to accomodate mining machinery and to solve problems of 
ventilating and dewatering the mine. 


Water Resources 


Tne Flagstaff limestone yields water to many springs in the 
Wasatcn Plateau. Individual springs in the Flagstaff have yield- 
ed up to 1,900 gpm. Dissolved minerals range from 290 to 428 ppm. 
The North Horn formation yields water from its sandstone, conglom- 
erate and limestone layers. It contains from 256 to 562 ppm dis- 
solved solids and one spring has produced up to 180U gpm. The 
Price River and Castlegate sandstones yield fresh water in several 
springs with flows up to 25 gpm and dissolved solids from 238 to 
303 ppm. Wells have encountered good water in the Blackhawk form- 
ation in some places. Dissolved solids range from 245 to 903 ppm 
and a coal mine west of the Wasatch Plateau intercepted water flow- 
ing at lovuO gpm. 


The larger streams of consequence on the plateau are the Price 
River, Huntington Creek, Cottonwood Creek, Ferron Creek, Muddy 
Creek, Quitchupah Creek and Ivie Creek. Tne streams are normally 
permanent. From water years 1939 to 1957 the Price River at a 
point just above Scofield Reservoir discharges an average of 47.52 
cfs. Tne average flow rate for huntington Creek near Huntington 
over a period of 42 years was 98.63 cfs. Near Orangeville Cotton- 
wood Creek averaged 104.1 cfs over a 40 year period. In 22 years 
of measurement Ferron Creek near Ferron averaged an annual flow 
rate of 72.6 cfs and in 1l years of record Muddy Creek had an 
average annual flow of 41.1 cfs near Emery. Based on drainage 
area tne flow rates for Quitchupah and Ivie Creeks snould aver- 
age annually about 60 cfs. Thewater for all creeks in the area 
of tne Wasatch Plateau has a low dissolved solids content rang- 
ing between luv and 30U ppm. 
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Buffalo - Lake De Smet Field 


Location 


The field includes parts of Johnson and Sheridan Counties 
in northcentral Wyoming. Bounded on the north by the Sheridan 
coal field, on the east by the Barber coal field, on the south 
by tne southern edge of T50N, Rs. 80 to 83 W, and on the west 
by tne Precambrian core of the Bighorn range. 


Topography 


Tne field includes parts of two physiographic regions, the 
eastern slope of the Bighorn Mountains and tne Western part of 
the Great Plains. From the steep pine-covered slope of the 
eastern flank or the Bighorn Mountains the elevation drops ab- 
ruptly two to tnree thousand feet to an area of rounded hills 
and broad flat-topped benches and terraces. Several aigh spurs 
extend eastward into the field several hundred feet above the 
adjacent country. The foothills topography merges gradually 
into the plains of the Powder River Basin where tne surface is 
broken by many steep-sided, even-topped ridges which are local- 
ly dissected by erosion. Elevations range from about 4,100 to 
8,5U0 feet. 


Lithology 


In sequence from surface units down to lowermost thick coal 
bearing amits: 


Kock Units: Thickness Description 
Alluvium and Jv - 50' Unconsolidated silt, 
terrace dep- sand, and gravel in 
osits stream channel flood 
plains, terraces, and 
pediments. 
White River Ue tous Conglomerate, coarse- 
formation grained arkosic sand- 
stone, sandy clay. 
Wasatch 1000 - 20U0' Sandstone, shale, car- 
formation bonaceous shale, and 


coal grading westward 


into conglomerate. Up- 


per Moncrief member 
(0 - 1400') contains 
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cobbles and pebbles of 
Precambrian rocks. Low- 
er Kingsbury conglomerate 
member (200 - 5V0') con- 
tains peboles and cobbles 
of Paleozoic limestone 
and dolomite. 


Structure 


Coal-bearing strata senerally have low dips (0 - 5 degrees) to- 
ward tne east except as they approacn the Bignorn Mountain uplift 
on tne west where dips reach 20 degrees or more to the east. Gen- 
tle undulating folds occur in the Wasatch formation trending about 
north 30 degrees west througn Buffalo, Wyoming and Lake De Smet. 
Maximum structural relief is about 200 feet. Another series of 
north 30 degrees west trending folds lies in the central part of 
the area and a group of low anticlines and synclines trend north 
6U degrees east across the south-eastern part of the area. 


Seams 


x The Monument Peak and Healy beds contain significant amounts 
of coal in excess of fifteen feet thick. The Monument Peak bed 
contains ly feet 6 incnes of coal with several thin snale partings 
in the SE %, section 26, T53N, R82W and 16 feet of coal near an 
abandoned mine about one-half mile to the southwest. The Healy 
bed is by far the most significant thick seam in the field. At 
one locality in T51N, R8OW the bed is 29 feet thick, it contains 
ZY feet 6 inches of coal in the Kreselok mine in section 2, T53N, 
R8ZW, a core nole on the east side of Lake De Smet penetrated 53 
feet of coal, and a hole drilled in section 31 of T52N, R8U0W pene- 
trated 460 feet of coal. Near the south end of Lake De Smet, the 
meme oed 1S 27 Leet thick in SE %, section 23, T52N, R82W, and 
thickens to 112 feet one mile to the west. Another bed tentatively 
correlated witn tne Healy (U.S. Geological Survey Bulletin 1078) 
underlies an area at least 1 mile wide and 2% miles long in the 
nortneastern part of T52N, R83W, and adjoining parts of the town- 
ships to the north and east, and may average more than 1U0 feet 
thick. 


Mining Conditions 


Dips are generally low (less than 5 degrees) except near the 
Bignorn Mountains. Faulting is minimal. A northeastward-trending 
normal fault extends for about a mile with a maximum displacement 
of about 50 feet in the south-central part of T50N, R80W. Drill 
hole data suggests the existance of a high-angle fault at the nor- 
tnern end of Lake De Smet. Strata on tne west side of the fault 
are dropped about 30 to 150. feet relative to tne east side. Much 
of the thick coal underlies strippable thicknesses of overburden 
but tne beds whicn outcrop on ridges between tributaries of larger 
streams and pass under thick overburden a snort distance back can 


best be mined underground. 
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a tale arse e, 
Soro situ 


39 to 42N, 


Gillette Field 


Location 


The field is located in the vicinity of Gillette, Wyoming 
in the Powder River structural basin. 


7€ The field embraces Tps. 
Rs ..406.sto (74 W: Tps 4°43 to 47N, «Rs. 966 to..72/W; 


Tps. 48 to 50N, Rs. 66 to 69 W; and most of Tps. 49 to 50N, 


RS. 


me to 7 2.-W. 


Topography 


The field lies in the Northern Great Plains. 


A 300 to 400 


foot high escarpment divides the field from north to south. The 
escarpment is referred to as Rochelle Hills and is eastward fac- 


ing, irregular, and locally eroded into badlands. 


East of the 


escarpment the surface is a broken plain dissected by narrow 
stream channels; west of it the surface is a rolling grass-cov- 
ered prairie in which a few prominent buttes rise about 100 feet 


above the general level. 
feet. 


coal 


Total relief in the field is about 1000 


In sequence from surface units down to lowermost thick 


Lithology 
bearing units. 
Rock Units Thickness 
Alluvium QO - 40' 
and terrace - 
deposits — 
Wasatch 500-1000' 
formation 
Tongue River 250-400' 
member of the 
Fort Union 
formetion 

Structure 


The structure of the field is relatively simple. 


Description 


bast Sand, sand 
gravel deposited 
along stream chan- 
nels and in ter- 
races above channels. 


Soft shales, thin 
sandstones, and 
coal beds. 


Sandy shale and 
thin sandstone beds 
WiLOeLCOLck and «thin 
coal beds. 


Most of 


the strata have low dips except in the northeast corner of the 


field where dips increase as the Bla 


ck Hills uplift is approached. 


Dips are generally toward the southwest or the west away from the 
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Black Hills. Some minor” flexures SareepiescutytlOtably in ipse 
45 and 46N, R/7OW and near Minturn. 


Seams 


The Felix, Anderson, Canyon, and Wyodak seams are the pri- 
mary thick coal seams in the field. The Felix occurs in the 
Wasatch formation and locally reaches thicknesses of 50 feet. 
The Anderson and Canyon seams exceed 15 feet throughout much 
of their extent and coalesce in the eastern portion of the 
field into the Wyodak seam. This seam is known to exceed thick- 
nesses of 10U feet over large areas. The Anderson, Canyon, and 
Wyodak seams are found in the Tongue River member of the Fort 
Union formation. 


Mining Conditions 


Dips are generally low throughout the field with some local 
increases or direction changes.~~ In the northeast portion of Cie 
field dips increase towards the Black Hills uplift. Much thick 
coal is available to surface mining as is evidenced by a number 
of strip mines operating within the field. Towards the western 
portion of the field overburden depths increase beyond the pres- 
ent 200 to 250 feet limit observed for strip mining. 


Water Resources 


Except for a few square miles in the northwest corner of the 
field, the field lies almost completely within the drainage ba- 
sins of the Soutn Fork of the Cheyenne River and the Belle 
Fourche River. All three streams carry little or no water dur- 
ing the summer months. 


Springs and wells produce water from the sandstone and coal 
units of the Wasatch and Fort Union formations as well as from 
alluvium along river channels. The coal units can probably be 
considered the most reliable sources of reasonably good quality 
groundwater. 
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Kemmerer’ Field 


3 Located in the southwest corner of Wyoming in Lincoln and 
Uinta counties. The Kemmerer field is elongated in a north- 
south direction as far north as T23N and as far south as the 

Utah-Wyoming state line. It is approximately bounded on the 

ong by the Meridian anticline and on the west by the Absaroka 
ault. 


Topography 


The Kemmerer field is characterized by a series of north- 
south trending hogbacks developed on the edges of upturned 
strata of varying erodibility. Elevations on the hogbacks 
range from 7000 to 8000 feet above sea level. The field is 
bordered on the west by the Absaroka Ridge and on the east by 
the Meridian Ridge. In the central portion of the field is 
found the Mammoth Ridge, a broad flat plain running north- 
south for most of its length. 


Lithology 


In sequence from surface units down to lowermost thick 
coal bearing units. 


Rock Units Thickness Description 
Alluvium and G - 300' Terrace, floodplain 
colluvium and hillwash deposits 


ranging from clay 
through gravel. 


Wyoming Op =-,30- Pebbles in a light- 

conglomerate gray sandstone matrix. 

Bridger 18U0' Greenish sands and clays. 

formation 

Green River 2000' Thin-bedded shales. 

formation 

Wasatch +1500' Sandy clays with irreg- 

group ularly bedded sandstones. 
+2500' Beds composed largely of 


volcanic ash but contain- 
ing thin limestone layers. 
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2200s Conglomerate sandstones, 
and sandy clays. 


Adaville +5000' Gray and brown clays with 

formation irregularly bedded brown 
sandstone and numerous coal 
beds. At base is 100 to 
200 foot thick Lazeart Sand- 
stone. Immediately above 
this is the Adaville - 
Lazeart coal. 


Structure 


The structure of this field is extremely complex owing pri- 
marily to deformations taking place in the late Cretaceous. The 
Cretaceous activity resulted in, from east to west: (1) a rather 
irregular anticline - the Meridian anticline; (2) a somewhat dis- 
turbed, and in places overturned syncline - the Lazeart syncline; 
(3) a much broken region lying between this syncline and the fault 
to tne west; (4) a large and very persistant faulted anticline, 
with a downthrow to the east-the Absaroka fault. The thick coal 
seams lie in the Lazeart syncline whose axis runs generally north- 
south. Rocks of Upper Cretaceous age have been down folded into 
the trough. The east limb of the syncline forms prominent para- 
llel nogback ridges. Strata of the east limb dip 16 to 23 degrees 
to the west, and the west limb dips steeply to the east. 


Seams 


A number-of seams exceeding 15 feet in thickness occur in 
the Adaville formation. One cross-section across the northern 
part of the field exposes five such beds. The maximum thickness 
for a single bed is 100 feet for the No. 1 Adaville seam 2 miles 
north of tne Elkol mine in TZ0N RLI/W.) They coal®rangesmiie ame 
from high grade subbituminous to high grade bituminous. 


Mining Conditions 


Conditions in this field are more conducive to underground 
versus strip mining although steep dips as well as variations 
in dip could be a hindrance to longwall mining. The structural 
complexity of the area contributes to the possibility that thick- 
ening, thinning, and offsetting of beds could-.disrupt the mining 
process. . The coals of the region tend to be highly variable in 
thickness as a result of splitting and coalescing. 
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Water Resources 


The downwarped nature of the strata of the field creates 
significant recharge of areas along the eroded edges of permeable 


_ beds so that they become potential sources of groundwater within 
the synclinal basin. 


number of smaller streams and tributaries, some perrenial, have 
potential for disruption from the subsidence effects of under- 


ground coal mining. These include Albert Creek, Muddy Creek, and 
Little Muddy Creek. 


Little Powder River Field 


» 


Location 


The field is located about midway between the Black Hills 
and the Bighorn Mountains. It occupies an area 15 miles wide 
on the west side of the Little Powder River extending southward 
about 35 miles from the Montana-Wyoming state line. 


Topography 


The field is made up of an intricately dissected level 
plain in which the average relief is from 300 to 40U feet. The 
larger valleys are broad with streams meandering through alluvi- 
um-filled bottoms. The smaller drainage channels are sharply 
cut and have a badlands appearance with narrow ridges and steep- 
Sided gullies. 


Lithology 


In sequence from surface units down to lowermost tnick coal 
bearing units. 


Rock Units Thickness Description 
Alluvium O- ? Silty ssand sare 


gravel deposits 
found along stream 


channels. 
Tongue River 2000s. Interbedded sandstone, 
member of the shale, and coal. Sand- 
Fort? Union stone often found in 
formation massive, thick beds. 


Structure 


The strata is nearly horizontal except where folded locally 
into flat, shallow synclines and anticlines, few of which are 
more than 100 feet in altitude from crest to trough. General 
dip of the strata is less than 1 degree west in the southwest 
part of the field but to the east dip gradually increases toward 
the Black Hills pd ce 


gee 


Seams 


The Roland, Smith, and F coal beds (as designated by U.S. 
Geological Survey Bulletin 471) all exceed 15 feet in thickness 
in some parts of the field. Occurrances of the Smith and F beds 
is confined primarily to the northern half of the field. The 
Roland bed outcrops throughout the north-south length of the 
field along its western edge. 


Mining Conditions 


Much of the coal is strippable due to low dips and shallow 
Overburden. Overburden becomes deeper toward the western edge 
of the field. Faulting is minor and should not be a hindrance 
to mining. 


Water Resources 


Tne main streams are the Little Powder River, Wildcat, 
Horse, Elk, Olmstead, and Bitter creeks. These streams all 
normally have small flows during the summer but can become 
dry at times. 


Springs are common during the average summer season, part- 
icularly around the edges of clinker outcrops. In addition 
ground water is contained in the alluvium along stream channels 
and in tne sandstone and coal beds of the Fort Union formation. 


Powder River Field 


Location 


The field occupies about 1000 square miles in Campbell, 
Johnson, and Sheridan Counties, Wyoming. It is shaped like an 
hourglass and trends generally northwest. It includes the town 
of Gillette, Wyoming and overlaps part of the Gillette field. 


Topography 


The field lies in the Great Plains province between the 
Bighorn Mountains and the Black Hills. Much of it is deeply 
dissected badlands topography. From high points in these areas 
can be viewed steep-sided ridges, buttes domes, and precipitous 


bluffs. Other areas are of more gentle topography and are grass 
covered. Altitudes range from 3600 feet above sea level to about 
4,900 feet. 


Lithology 


In sequence from surface units down to lowermost thick 
coal bearing units. 


Rock Units Thickness Description 
Alluvium Ore g Silt, sand, and gra- 
and terrace vel deposited along 
deposits stream channels and 
in terraces above 
channels. 
Wasatch 500 - 1600' Soft. shales. .than 
formation sandstones, and coal 
beds. 
Tongue River 23,0 e—992 D007 Sandy shale and thin 
member of the sandstone beds with 
Fort Union thickeandaud nrcod. 
formation beds. 
SELUCtuEe 


The field is part of the Powder River structural basin. 
The structure is relatively simple with strata essentially flat- 
lying except where the uplifts such as the Black Hills and the 
Bighorn Mountains are approached. The average dip of the beds 
in the southwestern part of the field is about 2 degrees west. 
The westward dip near Gillette strikes nearly north and south 
and brings the coals of the Tongue River. member to the surface. 
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This slight monocline determines the eastern edge of the field. 
Minor warpings and faults occur throughout the field. 


Seams 


_ The Gillette field contains a large number of coal seams 
which exceed 15 feet in thickness. The Felix bed occurs in 
the Wasatch formation and locally reaches thicknesses in excess 
of 50 feet. The Anderson, Dietz, Canyon, Cook, Wall, Upper 
Pawnee, and Cache beds occur in the Tongue River member of the 
Fort Union formation. The Anderson and the Canyon coalesce 
in the eastern part of the field to form the Wyodak which reaches 
Smeeenesses in excess of 100 feet east: of Gillette. In the 
eastern portion of the field much of the thick coal is surface 
mineable. In the western part of the field the coals of the 
Tongue River member are covered by deeper overburden including 
thicknesses of the overlying Wasatch formation. 


Mining Conditions 


Dips are generally low, faulting is minimal, and the thick 
seams often have good continuity over large areas. In the east- 
erm portion of the field much of the thick coal, particularly 
the Wyodak seam, is under shallow overburden and is mineable 
by surface methods. In the western portion of the field thick 
coal is found under overburden thicknesses which preclude sur- 
face mining. 


Water Resources 


Significant surface water resources are found in this 
field. The largest stream is the Powder River, found in the 
northwestern portion of the field. Other streams include the 
Little Powder River, Rawhide Creek and Crazy Woman Creek. 


Groundwater can be found in most of the coal seams and 
these are often used as domestic water supplies. Sandstone 
units within the Wasatch and the Tongue River member may also 
locally supply usable quantities of water. 


he field is located in the southern part of Wyoming, in 
the ee portion of Sweetwater pores The south end of 
the pest is only a few miles nort of the Wyoming-Colorado 


state lin 


Resistant sandstone: layers maxe notable concentric ridge 
or hills that are more or less continuous about the central 
portion of the dome. . The ridges are separated from each other 
by belts of low relief. Shale in the central portion of the 
dome results in low relief senetaie The hard, resistant lLime- 
stone and sandstone beds of the Green River and eae forma- 
tions produce table-like pee oe bounded by prominent escarpments 
and in places produce benches in regular succession bot unded by 
nearly parallel valleys. In parts of the field the beds poresent 
characteristic badlands topography. Sand dunes are a conspicuous 
feature in the northern part of the field. The soft beds of the 


Wasatch form low depressions along the synclinal trough of the 
Great Divide Basin and along Killpecker Valley. Few of the Wa- 
satch coal beds are well exposed so that their presence can of- 
ten only be inferred. The topography however, allows easy ac- 


cess 


to the coal beds. The hilis covered by the Bishop conglom- 


erate have long, gentle, grass-covered slopes. The extrusive ig- 
meous rocks of the Red Desert area form nearly concentric cones, 
needle-like necks, irregular dikes, and table-like sheets. 


Lithology 


In sequence from surface units down to lowermost thick coal 


bearing units. 


Rock Units Thickness Description 

Alluvium Oe te Silt, sand, and gravel 
deposits along stream 
channels. 

Leucite OFS835 0" Dikes, flows, volcanic 

lava necks, and agglomerate. 

Bishop OS- 200" Pebbles and boulders up 

conglomerate to 6 feet in diameter 


embedded in finer sand 
and gravel. 


Ov 
bo 
cS 


Green River QO - Massive sandstone, shaly 
formation sandstone, some limestone, 
and shale. 


ho 
i) 
ON 


UY - 950' Thin-bedded shale, 
Sandstone, and lime- 
stone. 


0 - 800' Clay, shale, and 
sandstone, in places 
slightly conglomeratic. 


Wasatch 100 - 275' Thin fissile shale and 

formation sandstone, oolitic lime- 
SLOne dtpaacese20.tov20- 
thick near base. 


LOQUS=53 500" Alternating layers of 
Sandstone, carbonaceous 
Shale, coal beds, and 
conglomerate. Basal 
sandstone is conglomeratic. 


Structure 


Structure consists of a huge dome of Cretaceous and Tertiary 
rocks wnich rise in the midst of the nearly horizontal rocks of the 
Green River basin. The major north-south axis of the dome is about 
90 miles long. The beds along the west limb dip from 5 to 30 de- 
Brees cast. The east-west axis of the dome is about 50 miles long. 
The Black Rock coal group outcrops more or less concentrically a- 
round the dome. The dome contains many normal faults of consider- 
able throw. Horizontal displacement can be up to 3 miles while 
vertical movement is generally less than 100 feet although in a few 
localities it is several times that. 


Seams 


The Black Rock coal group contains the thick seams in the field. 
Although it is included as the lowest member of the Wasatch forma- 
tion in this area, it is thought to be of an age equivalent to tne 
Fort Union formation in surrounding areas. The Black Rock coal group 
outcrops in concentric b@nds around the perimeter of the fields 
structural dome. At Table Rock a Union Pacific well records a Black 
Rock coal seam 15 feet thick. One bed in the Black Rock group is 
known to reach a thickness of 25 feet (NW 4%, SW %, section 34, T2I1N, 
R1OOQOW). Generally the Black Rock coal slopes away from the central 
dome and persists into areas of thicker overburden, particularly to- 
wards the east, southeast, and south. 
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Sheridan Field 


Location 


The Sheridan coal amie is located in northeastern Wyoming, 
east of and near the Bighorn Mountains. The northern boundary 
is the Wyoming-Montana state line. Its eastern boundary is the 


eastern edge of R79W, it extends no further south than the south- 
ern edge T54N and no further west than the western edge of RS&5W. 


Topography 


The field occurs on the western edge of the broad piain 
extends from the Bighorn Mountains to the Black Hills, part of 
Powder River structural basin. Highlands consist of crests of 


major watersheds and higher ridges between the ta agi valleys. 
Highlands undulate between levels of nearly 4,200 feet in the east 


1) 
ct 
x C4 


to 4,000 feet at the approach to the foothills of the Bighorn M 
tains. Here and there stream headwaters reduce highlands to 
zag sharpcrested ridges intersected in places by shallow 
The lowest elevation is 3,400 feet in the Tongue River at 
line. 


Lithology 


In sequence from surface units down to lowermost thick coal 
bearing units. 


Rock Units Thickness Description 
Alluvium and Or =. ie Teraace -and alluvial 
terrace gravels Siig Sand, jand.gra- 


vel deposits along 
the course of the 
Tongue River and its 


EYITDUtarLeSs: 
Wasatch 500/ > Interbedded sandstones, 
formation snales, small amounts 


of sandy Limestone, 
and thin coal. 


Tongue River up to Interbedded claystone, 
member of the 1800' siltstone, sandstone, 
Fort Union coal, and clinker. 
formation Sandstone commonly 


occurs in thick beds. 


Structure 


The field is part of the Powder River structural basin and 
represents a portion of a wide, flac trough or basin between the 
Black Hills and the Bighorn Mountains. Dips are generally low 
and co the southeasc but may be locally nigher due to faulting. 


Seams 
Tne Carney and Monarch beds are do0cn members of the Tongue 

River member of the Fort Union formation end both exceed 15 feet in 
thickness over much of tneir extent. Tne Monarch bed occurs 
nearly 100 feet above the Carney bed and is the thickest coal in 
the field. The Monarch bed is thick at che following Locations: 
(1) T57N>-R85WoeSE Sp off isechtomivas 2S. feetedieartcentem a. 
section 25 ~-.29 feet): NE Of section 26-1 Steet h2) sia 
R4¥4W, SE = of secrion 19 - 29 Beets near shiicomner ter sectzen 

19 - 34 feet, NE 4 cof Section Sw-wlawte 0 Geet Rec amia 

ped equals or exceeds 15 feet at che Carneyville mines in Carney- 
ville, sections 9,5, .16 ..and 27h T57iehbae andssect rc ee 
T57N, ROSW. 


Mining Conditions 


generally low and overburden often shallow making 
much of the field suitable for strip mining. Faulting and fold- 
ing is of only minor local significance. The thick seams are 
continuous except where eroded away but thicknesses tend to vary 
over distance 


Water Resources 
The Tongue River, Little Goose Creek, Goose Creek, and Clear 
Creek are all perennial streams flowing within the boundaries 
of the field. A number of smaller streams are also present. 
Alluvium along streams, clinker deposits, coal seams, and 


sandstone members of Wasatch and Fort Union formations are all 
known to contain groundwater for some part of their extent. 
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ae 8e ete 60 18 feet along 
ne ar the southern | 


PerebonA ey . 
squence from ~<aypaieny units down to lowermost thick coal 


ee. 


Thickness Description 
analomer a hag ctibe abet yon bias techy a 


clay with lenses 
of gravel and rub- 
ble along main 
stream valleys. 


Seelerrace SM y% Sand and gravel 
deposits deposits along 
and above the Pow- 
der River and Clear 
Creek and on some 
drainage divides. 
Wasatch QO - 700' Interbedded shale, 
formation siltstone, massive 


sandstone, and coal. 
Covers large areas in 
western and southern 
parts of field and 

. caps divides in nortn- 
central part. 


231 


Tongue River 1200 713003 Friable tnick sand- 
member of the stone, shale, and 
Fort Union coal beds. 


35 sake ot e472 


Structure 


The most notable structural feature is a series of gentle 
south-westerly plunging folds which trend about N 25 degrees East 
in a belt about 8 miles wide across Tps. 56 and 57 N, and Rs. 76 
and 77 W. These folds merge into a shallow syncline trending east- 
erly across the northern portion of the field. Dips are generally 
less than 3 degrees in a southwesterly direction with occasional 
minor reversals. Dips can be as much as 11 degrees in the vicinity 
of faults. Faulting is concentrated in three areas in the field: 
near the northern and soutnern ends of the fold belt, and in T54N, 
Rs. 74 and 75 W. 


Seams 


The coals in the field range from lignite to subbituminous C 
in rank. The Canyon and Anderson beds of the Tongue River member 
of the Fort Union formation and the Felix and Ulm No. 2 beds of the 
Wasatch formation all exceed 15 feet in thickness for some part of 
their extent in the field. The Canyon bed averages 16.2 feet thick- 
ness over an area of 7,163 acres in T5/7N, R76W. The Anderson bed 
averages between 15.1 and 19.3 feet in thickness for about 16,049 
acres in T58N R76W, T57N R76W, T57N R75W, T56N R75W, T57N R74W, and 
T50N R74W. The Felix bed averages between 15.8 and 17.6 feet in 
thickness for about 3U,496 acres in T54N R75W, T53N R/5W, and T54N 
R74W. The Ulm No. 2 bed reaches a thickness of 22 feet in section 
27, T53N R74W, but is of small areal extent in thicknesses over 15 
feet. 


Mining Conditions 


Dips are generally in the vicinity of 3 degrees or less although 
they may exceed that or change direction in proximity to folds of 
faults. Much of the coal in the field is under shallow overburden 
and therefore strippable. Some of the thick seams are nowever, un- 
der overburden depths greater than 200'. An example is the Anderson 
bed in the northwestern portion of the field. 
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